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RESUMO 
 
A epilepsia de lobo temporal (ELT) é o tipo de epilepsia mais comum no adulto 
e comorbidades cognitivas podem acompanhá-la, como prejuízos de memória e 
linguagem. Nesta população é esperada uma maior incidência de pessoas com 
lateralização atípica para linguagem (LAL), 20% contra 5% da população saudável. 
Alguns fatores são apontados como preditores: dominância manual, sinistralidade 
familiar e insulto cerebral precoce e em hemisfério esquerdo. A linguagem nesses 
pacientes tem sido estudada há décadas, mas ultimamente a técnica de ressonância 
magnética funcional (fMRI) vem substituindo o teste de WADA e proporcionado uma 
série de novos métodos e paradigmas para estudar essa função in vivo, inclusive em 
indivíduos saudáveis. Portanto, o objetivo desse estudo foi delinear os subtipos de 
ELT, com atrofia esquerda (AHE), direita (AHD) e sem atrofia (negAH) hipocampal 
comparando-os com controles, quanto a aspectos de linguagem. Os resultados foram 
dispostos em dois artigos. O primeiro tratou da comparação de dois paradigmas de 
fMRI de linguagem baseados em decisão semântica. Neste artigo, 24 indivíduos 
saudáveis foram submetidos a duas versões de tarefa de linguagem: versão complexa 
e versão fácil. Ambas foram efetivas, porém a versão complexa produziu resultados 
mais robustos para a avaliação da linguagem. Logo, foi a versão eleita para conduzir 
o estudo com os pacientes ELT. O segundo resultado, foi exposto no artigo que 
comparou pacientes com AHD (n=31), AHE (n=32) e negAH (n=30), além de controles 
(n=101). Esse artigo investigou o impacto da atrofia hipocampal no perfil de linguagem 
em diferentes subtipos de ELT; avaliando a incidência e fatores preditivos de 
lateralização de linguagem, sua relação com o padrão de ativação da fMRI em regiões 
associadas à linguagem; comparação entre os grupos quanto ao padrão de ativação 
de linguagem e conectividade funcional, além da comparação do desempenho no 
teste de nomeação de Boston e sua correlação com o padrão de ativação da tarefa. 
Os resultados apontaram para frequência de LAL semelhante em todos os grupos e 
somente a dominância manual como preditor de dominância hemisférica para 
linguagem, porém, de forma distinta em cada grupo de acordo com as regiões de 
interesse. O padrão de ativação da linguagem e a análise entre regiões de interesse 
(ROI-to-ROI) apontaram pior desempenho do grupo AHE em relação aos grupos 
controle e negAH. A análise entre o giro frontal médio esquerdo e o cérebro todo 
(seed-based-voxel) mostrou que todos os grupos de pacientes apresentam 
conectividade funcional diminuída em relação aos controles, além de diferenças par a 
par entre os grupos de pacientes. O melhor desempenho em nomeação se 
correlacionou com maior ativação em áreas de linguagem nos grupos AHD e negAH. 
Este estudo concluiu que pacientes com AHE apresentaram pior desempenho em 
nomeação, ativação e conectividade funcional, seguidos pelos pacientes com AHD, 
enquanto os pacientes negAH apresentaram alterações discretas em comparação aos 
controles. Esta tese mostra que apesar dos vários estudos de fMRI sobre linguagem, 
novos trabalhos com diferentes metodologias e paradigmas são necessários para 
compreender melhor as alterações de linguagem em subtipos de ELT. 
 
Palavras-chave: linguagem, fMRI, epilepsia 
ABSTRACT 
Temporal lobe epilepsy is the most common type of epilepsy in adults and is also 
associated with cognitive comorbidities, such as memory and language impairments, 
especially in temporal lobe epilepsy (TLE). In this population, a higher incidence of 
people with atypical language lateralization (ALL) is expected; 20% against 5% of the 
healthy people. Some factors are pointed as predictors: manual dominance, left-hand 
familial history, as well as early insult and left hemisphere lesion. Language in these 
patients has been studied for decades. Lately functional magnetic resonance (fMRI) 
technique has been replacing the WADA test and has provided new methods and 
paradigms to study this function in vivo, including in healthy volunteers. Therefore, the 
objective of this study was to delineate the language aspects in TLE with left (LHA) 
and right (RHA) hippocampal atrophy and patients without hippocampal atrophy 
(nonAH), comparing them to controls. The results were set out in two manuscripts. The 
first, showed the translation of a well-established language fMRI paradigm based on 
semantic decision and comparison of two versions: easy and complex task in 24 
healthy subjects. Both versions were effective, but the complex version produced more 
robust results for the evaluation of the language in our patients. Therefore, complex 
version was chosen to conduct the study with TLE patients. The second result was 
presented in the manuscript which compared patients with RHA (n=31), LHA (n=32), 
nonHA (n=30) and controls (n=101). In this paper analyzes were performed to 
investigate the impact of HA on language to obtain a profile of the language in different 
subtypes of TLE. Analyzes were conducted to acquire the incidence of language 
lateralization, predictive factors and correlation with fMRI activation pattern in regions 
associated with language; comparison between groups regarding language activation 
pattern and functional connectivity, as well as a comparison of performance on the 
Boston naming test and its correlation with the task activation pattern. The results 
pointed to a similar frequency of ALL in all groups and only manual dominance as a 
predictor of hemispheric dominance for language. However, each group was different 
according to the specific regions of interest. Language activation pattern and ROI-to-
ROI analysis showed that LHA presented reduced activation compared with controls 
and nonHA groups. Seed-based-voxel analysis showed that all groups of patients had 
reduced functional connectivity in relation to controls, as well as differences among 
patients. The higher scores on naming performance was correlated with greater 
activation in language areas only in RHA and nonHA groups. We concluded that 
patients with LHA presented worse performance in naming, activation and functional 
connectivity, followed by RHA, and nonHA patients were more similar to controls. This 
thesis shows that despite of several language fMRI studies, further investigations using 
different methodologies and paradigms are necessary for better undestanding of 
language alterations in different TLE subtypes. 
Keywords: language, fMRI, epilepsy 
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INTRODUÇÃO 
 
Aspectos gerais sobre a linguagem 
Aproximadamente 95% das pessoas sem nenhum acometimento neurológico 
ou psiquiátrico e com dominância manual à direita apresenta lateralização cerebral 
para a linguagem em hemisfério esquerdo (Springer et al., 1999; Pujol et al., 1999; 
Knecht et al., 2000). Dessa forma, lateralização atípica para linguagem (LAL) em 
pessoas saudáveis que sejam canhotas ou ambidestras ocorre com maior frequência 
(22%) do que em pessoas destras (de 4 a 6%).  
Observa-se associações entre a dominância hemisférica para linguagem e 
fatores como preferência manual, bem como com o histórico familiar de dominância 
manual, sendo esses apontados como preditores de LAL. A sinistralidade familiar 
seria, então, um indicativo de que fatores genéticos teriam influência na determinação 
da dominância para a linguagem. (Szaflarski et al., 2002). 
Lesões em hemisfério esquerdo também são apontados como preditores de 
LAL, já que se especula que a linguagem passa por um processo de migração para o 
outro hemisfério como forma de preservação da linguagem que é uma função 
cognitiva importante para o ser humano (Rasmussen e Milner, 1977; Loring et al., 
1990; Vargha-Khadem et al., 1985; Woods et al., 1988). Lesões hemisféricas 
precoces, ocorridas até os seis anos de idade, também são descritas como fatores 
que influenciam a organização da linguagem, principalmente a nomeação de objetos 
e leitura (Rasmussen e Milner, 1977; Helmstaedter et al., 1997, Springer et al., 1999). 
Muitos protocolos de ressonância magnética funcional (fMRI) são usados para  
medir a lateralização de linguagem em contexto clínico, tais como paradigmas 
enfatizando fluência verbal (Bonelli et al., 2011; Friedman et al., 1998; Phelps et al., 
1997) ou compreensão de linguagem (Just et al., 1996). Entretanto, não há um 
protocolo de linguagem universalmente aceito para avaliação pré-cirúrgica. Um dos 
protocolos utilizados em contexto de pesquisa e também clínico é o de decisão 
semântica-decisão de tons, considerado o mais eficaz, pois a tarefa de decisão de 
tons, que é o descanso, previne que o indivíduo permaneça com a “mente vagando” 
na tarefa semântica solicitada e também controla para outras funções concorrentes 
ativando regiões associadas à audição e funções executivas como working memory. 
Além disso, produz uma forte lateralização à esquerda em regiões pré-frontais, 
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temporais, angular, retrosplenial e tâlamo-capsular (Binder et al., 1997; Frost et al., 
1999).  
A partir da crescente utilização de métodos de fMRI usando protocolos de 
geração de palavras, compreensão, nomeação, semântico entre outros desenvolveu-
se uma vasta literatura a cerca do processamento de linguagem sugerindo que outras 
regiões cerebrais estão envolvidas em seu funcionamento. Os estudos apontam que 
além das regiões descritas no modelo clássico: giro frontal inferior e giro temporal 
superior (Broca,1861; Wernicke, 1874; Lichtheim,1885; Geschwind, 1965) outras são 
relevantes na função de linguagem. Lopes et al. (2016) apontaram que a esfera 
semântica da linguagem, por exemplo, é mais espalhada no cérebro, englobando 
regiões distintas do córtex frontal, temporal e parietal. 
 
Modelos de linguagem 
O modelo de processamento de linguagem referente às bases neurais iniciou 
no século XIX a partir de estudos lesionais de Broca (1861), seguido por Wernicke 
(1874), Lichtheim (1885) e Geschwind (1965). 
Enquanto Broca descreveu pacientes cujas lesões em giro frontal esquerdo 
produziam comprometimentos para a articulação da linguagem, Wernicke, 
posteriormente apontou que lesões em região posterior do giro temporal superior 
produziam comprometimentos quanto a compreensão da fala, ou seja, era o centro 
auditivo para o reconhecimento das palavras.  
Dessa forma, a porção do giro temporal superior poderia ser descrito como 
centro auditivo de reconhecimento de palavras, ou seja, produziria imagens acústicas 
das palavras pela proximidade com o córtex auditivo primário. Já os aspectos 
expressivos produziriam imagens motoras da fala, pois se localizavam próximos ao 
córtex motor. Para Wernicke, essa região do significado do som e da imagem acústica 
da palavra teria conexão com sistemas de representação de conceitos espalhadas por 
todo o córtex cerebral ativando memórias de imagens sensoriais e motoras para 
formar o conceito da palavra.  
Portanto, Broca e Wernicke forneceram subsídios para que Lichtheim relatasse 
sobre pacientes que apresentavam síndromes afásicas, como o paciente Leborgne, 
cujo déficit se referia a perda de capacidade para articular a fala (afasia de Broca). 
Outras síndromes foram descritas, tais como afasia de Wernicke, distúrbio motor puro, 
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surdez pura para palavras, afasia transcortical sensitiva, afasia transcortical motora e 
afasia de condução. No modelo anatômico descrito por Lichtheim o significado das 
palavras ficavam localizados em lobo parietal, porção superior ativando as regiões 
motora e auditiva. As regiões anatômicas envolvidas nas afasias incluiriam, portanto, 
além das clássicas áreas de Broca e Wernicke, também tratos eferentes do córtex 
motor, tratos aferentes do córtex auditivo para a área de Wernicke, substancia branca 
profunda conectando a área de Broca ao lobo parietal, substância branca conectando 
o lobo parietal ao lobo temporal ou porções do lobo parietal inferior e conexões entre 
Wernicke e Broca.  
Em 1971, Geschwind e Benson adicionaram a lista de afasias a anomia, afasia 
global e afasia expressiva pura destacando o papel do lobo parietal inferior e em 1965  
Geschwind descreveu as bases neuroanatômicas destas síndromes, enfocando o 
parietal inferior como uma região de associação terciária, sendo o lobo parietal inferior, 
mais especificamente envolvido na relação entre sons de palavras e aspectos 
sensoriais de objetos. Já na década de 80, as regiões de Broca e Wernicke foram 
descritas por Damasio e Damasio como interconectadas por meio do fascículo 
arqueado. 
Atualmente, os estudos têm demonstrado que a linguagem é um domínio 
cognitivo mais abrangente do que já havia sido descrito e que envolve outras regiões 
cerebrais que não somente as clássicas regiões de Broca e Wernicke. Além disso, foi 
descrito que a área de Wernicke também está associada a função de produção de 
linguagem com base em análises de estudos de neuroimagem realizadas por Binder 
(2015).  
Além dos aspectos receptivos e produtivos da fala, avalia-se também as 
regiões envolvidas com a esfera da linguagem, como as redes semânticas e 
fonológicas. Estudos utilizando protocolo de fluência verbal fonêmica apontam o lobo 
frontal, principalmente o pré-frontal esquerdo, como uma região mais sensível a esta 
tarefa (Giardini et al., 2013), pois é uma rede que depende da busca e recuperação 
lexical usando pistas fonêmicas e ortográficas (Bayles et al., 1990). Já as regiões 
temporais e também frontais estariam mais envolvidas com tarefas para gerar nomes 
de animais, pois exige a ativação de redes semânticas (Giovagnoli e Bell, 2011). Outro 
estudo utilizando paradigma de fMRI com tarefa semântica apontou para regiões 
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associadas a processos lexico-semanticais, como giro angular, cortex pré frontal 
dorsolateral e lobo temporal ventral (Binder et al., 2008).  
Portanto, o avanço dos estudos in vivo tem permitido o entendimento de que a 
linguagem não se restringe somente à s áreas clássicas descritas previamente, mas 
se refere a um domínio cognitivo mais espalhado no córtex cerebral.  
 
Linguagem na epilepsia de lobo temporal 
A epilepsia de lobo temporal (ELT) é tradicionalmente considerada uma 
síndrome cerebral bem localizada devido à ocorrência do início das crises 
especificamente no lobo temporal e mais frequentemente em estruturas mesiais com 
presença de atrofia e esclerose hipocampal e resposta ao tratamento cirúrgico focal 
do lobo têmporo-ânteromedial, já que a maioria das pessoas acometidas se tornam 
fármacoresistentes.  
O envolvimento de estruturas têmporo-mesiais em ELT, normalmente, gera 
déficits em memória episódica como foi amplamente estudado (Cave e Squire, 1992; 
Squire et al., 2004). Entretanto há evidências do envolvimento de anormalidades 
anatômicas mais difusas estendendo as alterações cognitivas para além do foco 
epileptogênico (Hermann et al.,1997; Marques et al., 2007).  
Para alguns pesquisadores, ELT também está associada a déficits de 
linguagem caracterizados por dificuldade de nomeação de objetos, fluência verbal e 
reconhecimento de palavras (Chelune et al.,1991; Davies et al., 1995; Field et al., 
2002; Hermann et al., 1997; Hermann e Wyler, 1988). Nesses pacientes, após 
ressecção cirúrgica pode ser observado déficit em nomeação associada a crises com 
início tardio, ausência de lesão precipitante e de lesão hipocampal (Hermann, et al., 
1999) demonstrando que alteração em nomeação também é uma co-morbidade em 
ELT. No entanto, os mecanismos subjacentes aos déficits de linguagem ainda são 
pouco entendidos.  
Bell et al. (2001) sugeriram que os déficits de nomeação em pacientes com ELT 
à esquerda sejam mais atribuídos a um prejuízo relacionado a memória semântica do 
que a um simples déficit de recuperação da palavra. Outro estudo discute que essas 
dificuldades se devam a problemas na recuperação lexical associada com as redes 
do lobo temporal (Trebuchon Da Fonseca et al., 2009). 
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Na ELT também é muito frequente uma lateralização atípica (LAL) em 
comparação com pessoas saudáveis (20% versus 5%) (Springer et al., 1999). Os 
primeiros estudos sobre linguagem utilizaram o teste de WADA, que foi por muito 
tempo, considerado o método clássico para avaliação de linguagem em pacientes 
candidatos à cirurgia (Wada, 1949). Porém, ele vem sendo, gradativamente, 
substituído pelo método de fMRI por ser menos invasivo e custoso, além de produzir 
resultados equivalentes ao teste de WADA. Portanto, apontado como um método 
alternativo (Binder, 2011; Jancek et al., 2013a, 2013b)  
Análises referidas em grupos de epilepsia, em geral, mostram que a LAL ocorre 
em uma frequência de 4 a 30% dos pacientes com epilepsia à esquerda (Helmstaedter 
et al., 1997; Springer et al., 1999; Weber et al., 2006). Outro estudo apontou para uma 
prevalência de 24% (Janszky et al., 2003), semelhante a Rathore et al. (2009) cujo 
resultado identificou que a cada cinco pacientes com ELT, 1 apresentava LAL. Crises 
iniciadas em hemisfério esquerdo, dominância manual esquerda e lesões localizadas 
próximas às áreas de linguagem de Broca e Wernicke também demonstram maior 
associação com LAL (Woermann et al., 2003). Já um recente estudo, o único que 
investigou os fatores preditivos de forma combinada, mostrou que a incidência de LAL 
depende da interação entre epilepsia por lesão à esquerda e dominância manual 
esquerda (Stewart et al., 2014), mas não associada a histórico de sinistralidade 
familiar. 
O impacto do hipocampo na dominância da linguagem também foi alvo de 
estudos mostrando que pacientes com atrofia hipocampal tendem a apresentar maior 
incidência de LAL comparados aos pacientes com hipocampo normal (Janszky et al., 
2003; Maccotta et al., 2007; Weber et al., 2006). Estes dados sugerem que o 
hipocampo possa desempenhar uma função importante na determinação da 
linguagem. No entanto, a maioria dos estudos incluiu pacientes com epilepsia com 
patologias secundárias sendo difícil o entendimento desse fenômeno na ELT.  
A ELT é caracterizada por crises com início em estruturas temporais mesiais 
(Williamson, et al.1993), portanto é uma síndrome epiléptica relativamente 
homogênea (Engel et al., 1998) e a mais frequente epilepsia crônica focal. Dados 
experimentais sugerem que a causa da esclerose hipocampal se deva a danos 
iniciados precocemente na vida da criança gerando prejuízos funcionais e anatômicos 
ao hipocampo evoluindo gradativamente para uma esclerose hipocampal (Maher e 
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McLachlan, 1995; Mathern et al., 2002; Schulz e Ebner, 2001). Logo, os fatores que 
influenciam a organização da linguagem podem ser diferentes nessa doença. Além 
disso, trata-se de uma doença homogênea no que se refere à patologia e localização 
demonstrando uma grande vantagem em estudá-la. 
Um estudo avaliou a linguagem em um grupo uniforme de pacientes com ELT 
com atrofia hipocampal unilateral e apontou que a alta frequência de crises e a 
presença de auras sensoriais, indicando o envolvimento de áreas neocorticais, foram 
mais comuns em pacientes com LAL, porém a idade de início da epilepsia ou da lesão 
precipitante pareceram não a influenciar sugerindo uma participação limitada do 
hipocampo na determinação da linguagem (Janszky et al., 2003 e 2006). 
Apesar das controvérsias sobre o papel do hipocampo no processamento da 
linguagem, algumas pesquisas sugerem a sua participação em tarefas, principalmente 
de nomeação por confrontação visual (Sawrie, et al.,2000; Hermann et al., 2003; 
Seidenberg et al., 2005). Estes achados são consistentes com a possibilidade de o 
hipocampo estar envolvido no sistema de distribuição neural relacionada à linguagem, 
principalmente na habilidade de nomeação, já que é consistente com o modelo 
clássico de linguagem proposto por Goodglass e Wingfield (1997).  
Concordando com os traços clínicos da ELT com atrofia hipocampal está bem 
estabelecido que a maioria dos danos em hemisfério esquerdo que ocorrem antes dos 
seis anos de idade geralmente resultam em mudança da função de linguagem para o 
hemisfério direito ou de forma simétrica em ambos os hemisférios (Rasmussen e 
Milner, 1977; Rey et al., 1988; Muller et al., 1999; Saltzman et al., 2002), já que após 
os cinco anos a linguagem se torna gradativamente lateralizada (Kimura, 1967) 
diminuindo a possibilidade de sua reorganização contralateral mesmo após danos 
cerebrais (Springer et al., 1999). 
Embora escassos, há estudos investigando os correlatos morfológicos da 
representação atípica da linguagem em pacientes com epilepsia. Foundas et al. 
(1996) relatou uma assimetria à direita dos par triangulares do operculum frontal em 
um único paciente com lateralização da linguagem à direita. Outro estudo, utilizando 
volumetria manual, mostrou uma assimetria à direta do volume do planum temporal 
em 7 de 10 pacientes com representação atípica de linguagem (Oh e Koh, 2009). Já 
Dorsaint-Pierre et al. (2006) encontraram assimetria à esquerda no plano temporal e 
giro de Heschl em pacientes com epilepsia. 
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Weber et al. (2006) observaram que pacientes com ELT esquerda e com 
dominância atípica para linguagem apresentaram mais volume de substância cinzenta 
no hipocampo direito comparado com pacientes com representação típica de 
linguagem.  
Embora haja uma vasta gama de estudos sobre linguagem e, mais 
especificamente, sobre linguagem em epilepsia, estudos com populações 
homogêneas de ELT são escassos faltando informações acerca do real impacto da 
doença em vários aspectos da linguagem como incidência de dominância manual, 
fatores preditores de LAL, conectividade funcional, bem como o papel do hipocampo 
na linguagem. Além disso, muitos resultados advêm de análises do teste de WADA e 
uma gama ampla de diferentes protocolos de fMRI. 
 
Conectividade funcional em epilepsia 
Nos últimos 20 anos, a fMRI tem sido muito aceita com o objetivo de mapear o 
funcionamento cerebral, visto que é normalmente usada para estudar mudanças no 
nível de sinal dependente de oxigênio no sangue (do inglês, sinal BOLD). Estas 
mudanças são induzidas a partir do desempenho em uma tarefa, por meio da 
administração de um estímulo ou também para estudar a atividade espontânea do 
cérebro gerada sob condições de repouso. Mais recentemente, as pesquisas 
progrediram para também entender como as várias regiões do cérebro interagem 
umas com as outras e como isto se associa a fenômenos comportamentais. 
 A partir desse novo interesse, surgiu uma nova abordagem da fMRI designada 
conectividade funcional (CF), capaz de investigar a atividade neural de regiões que 
estão funcionalmente conectadas (sincronizadas), mesmo que estejam 
anatomicamente distantes. O princípio assume que áreas cerebrais que exibem 
flutuações de sinal correlacionadas no tempo estão funcionalmente conectadas 
(Rosazza e Minati, 2011). 
 A CF pode, então, ser estudada tanto durante o desempenho de tarefa, como 
linguagem, bem como durante o estado de repouso por meio de redes neurais 
conhecidas como resting state. Nesse caso, foi demonstrado que em pacientes com 
ELT há alteração da atividade espontânea em redes neurais envolvidas no controle 
de funções superiores, ou seja, aspectos cognitivos, além de comportamento 
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emocional (Harrison et al., 2007; Seeley et al., 2007; Van den Heuvel e Hulshoff Pol, 
2010).   
 Brázdil et al. (2005) usando fMRI descreveram um diferente padrão de ativação 
na área de Broca em um grupo de pacientes com epilepsia de lobo temporal mesial à 
esquerda, e ainda demonstrou que a atividade BOLD de tarefa evocada dentro da 
rede de linguagem foi menos alterada em hemisfério dominante para linguagem em 
pacientes com epilepsia comparado com controles, especialmente em pacientes com 
idade de início precoce das crises. Waites et al. (2006) encontraram uma diminuição 
de conectividade entre as regiões de linguagem e um aumento de conectividade entre 
o giro frontal inferior e parte da default mode network em grupos de pacientes com 
epilepsia de lobo temporal esquerda comparada com controles. 
Outro recente estudo avaliou mudanças nas redes funcionais comparando 
pacientes com epilepsia com e sem esclerose hipocampal e controles saudáveis e 
concluiu que os pacientes sem atrofia hipocampal apresentam conectividade interictal 
prejudicada no neocórtex temporal lateralizado para o foco epileptogênico apontado 
pela eletroencefalografia. Já os pacientes com esclerose hipocampal demonstraram 
uma segregação funcional do hipocampo atrofiado e comprometimento da 
conectividade de longo alcance. Estes resultados sugeriram que epilepsia de lobo 
temporal com imagem de ressonância negativa não é somente um grupo com 
características mais sutis, mas sim uma condição independente que envolve distintas 
redes neurais (Vaughan et al., 2016). 
Já Pravatá et al. (2011) investigaram a conectividade funcional durante uma 
tarefa de geração de palavras em pacientes com epilepsia direita e esquerda 
refratários às drogas anti-epilépticas e mostrou que a epilepsia é uma doença que 
comumente afeta o modelo de CF considerado normal, desregulando a rede de 
linguagem dentro do hemisfério dominante, independentemente do lado do foco 
epileptogênico. 
 Esses estudos confirmam a influência da epilepsia na atividade de rede de 
linguagem e possivelmente interferindo nos comprometimentos de linguagem que 
afetam esses pacientes. Entretanto, há pouca informação sobre potenciais diferenças 
hemisféricas nesses pacientes. 
 Dessa forma, assumindo o conceito de que ELT é uma doença de redes 
neurais, abre-se uma nova perspectiva para o entendimento de complicações 
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cognitivas associadas, como o comprometimento de linguagem presente nesta 
doença, porém não tão profundamente compreendida como a memória. 
 Nossa hipótese é que pacientes com epilepsia apresentam conexões 
interrompidas entre as áreas cerebrais associadas à linguagem quando comparados 
com controles. Acreditamos também que a situação das redes funcionais pode ser 
ainda mais comprometida em pacientes com atrofia hipocampal comparado àqueles 
sem lesão hipocampal. 
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OBJETIVOS 
Geral: 
 Investigar os diferentes subtipos de pacientes com ELT, com atrofia hipocampal 
direita (AHD), esquerda (AHE) e sem atrofia hipocampal (negHA) quanto à aspectos 
de linguagem. 
 
Específicos: 
1. Adaptar e traduzir para o Português o método de fMRI para linguagem baseado 
no paradigma de decisão semântica-decisão de tons de Binder et al. (1995) e 
comparar duas versões de decisão semântica: fácil e complexa; 
2. Investigar o impacto do hipocampo na linguagem em pacientes com ELT com 
atrofia esquerda (AHE), direita (AHD) e sem atrofia (negAH) hipocampal comparando-
os com controles por meio de abordagens de padrão de ativação cerebral e 
conectividade funcional (entre regiões de interesse (ROI-to-ROI) e entre o giro frontal 
médio esquerdo e o cérebro todo (seed-based-voxel)  
 
METODOLOGIA 
Participantes 
Foram incluídos neste estudo pacientes submetidos à avaliação neurológica 
clínica corrente no serviço do ambulatório de neurologia do hospital de clínicas da 
Universidade Estadual de Campinas e diagnosticados com ELT com ou sem esclerose 
hipocampal unilateral direita ou esquerda e sem alteração extra-hipocampal ou extra-
temporal analisadas visualmente por meio de imagem de ressonância magnética (RM) 
de alta resolução. Posteriormente, as RMs de todos os pacientes foi analisada por 
meio do Freesurfer, a fim de confirmar a lateralização ou a ausência de atrofia 
hipocampal. Para o grupo controle incluímos indivíduos saudáveis, sem problemas 
neurológico ou psiquiátrico e com RM de crânio normal. 
Foi excluído qualquer participante que se recusou a assinar o termo de 
consentimento livre e esclarecido (TCLE), que apresentasse contraindicação para 
realização de exame de ressonância magnética, seja por fobia grave ou presença de 
clipes cerebrais ou marca passo cardíaco e dificuldade para compreender as 
instruções referentes ao protocolo de fMRI e avaliação clínica de linguagem. 
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Procedimentos 
Todos os participantes foram esclarecidos sobre a pesquisa e assinatura do 
TCLE antes de sua participação. Os métodos e procedimentos empregados não foram 
invasivos e não representaram maiores riscos ou inconvenientes para os pacientes e 
controles, estando plenamente de acordo com os princípios éticos descritos pela 
Declaração de Helsinki (1964). Foi adquirida a imagem de ressonância magnética de 
todos os participantes, porém nem todos tiveram a avaliação de nomeação por meio 
do teste de nomeação de Boston.  
 
Avaliação clínica 
As crises e o diagnóstico de ELT foram definidos de acordo com a classificação 
proposta pela ILAE (Berg et al., 2010), incluindo pacientes com crises de aura e/ou 
discognitivas com/sem generalização secundária, cujas características sejam 
compatíveis com origem no lobo temporal e critérios eletroencefalográficos 
caracterizados por descargas epileptiformes na região temporal ântero-médio-basal 
e/ou presença de ondas lentas focais na região temporal. A presença de 
eletroencefalograma (EEG) normal não excluiu o diagnóstico de ELT. 
 
Variáveis clínicas 
Dados clínicos como frequência de crises, medicações antiepilépticas em uso, 
idade de início das crises (a partir das crises recorrentes até a idade atual), presença 
de esclerose hipocampal e antecedentes familiares foram obtidos a partir de revisão 
de prontuário e acompanhamento da consulta de cada paciente. Para avaliar a 
dominância manual foi utilizado o inventário de Edinburgh (Oldifiel, 1971), bem como 
questionamento sobre a presença de familiares de primeiro grau canhotos. A 
linguagem foi avaliada por meio do teste de nomeação de Boston (Kaplan et al., 1983) 
que é um teste composto por 60 figuras desenhadas em preto e branco para que o 
examinado observe e nomeie o objeto visto. As respostas podem ser dadas 
espontaneamente ou ser necessário que se dê pistas semânticas (exemplo: figura da 
tesoura- “serve para cortar”) ou pistas fonêmicas (exemplo: figura da tesoura- “o nome 
dessa figura começa com te”). A pontuação foi obtida somando-se o número de 
acertos nas respostas espontâneas com o número de acertos em respostas com pista 
semântica.   
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Imagens de ressonância magnética funcional 
As imagens foram adquiridas no aparelho de RM 3T Achieva-Intera PHILIPS®, 
release 2.6.1.0., de acordo com os seguintes parâmetros: 
Imagem de ressonância magnética funcional para linguagem com gradiente echo 
planar ponderada em T2* para fornecer o contraste do nível dependente de 
oxigenação sanguínea (BOLD). Cada volume compreendeu 40 cortes de 3mm, em 
um plano ao longo do eixo do corpo caloso. O tempo de echo (TE) foi de 30 ms e 
tempo de repetição (TR) de 2 segundos.  
 
Protocolo de fMRI de linguagem 
Todos os pacientes e controles realizaram a exame de fMRI para linguagem 
em que foi usado o paradigma de decisão semântica e decisão de tons de acordo com 
o protocolo de Binder et al. (1995) e que foi traduzido e validado para a língua 
portuguesa pela nossa equipe (Lopes et al., 2016, resultado do capítulo 1). Nesta 
tarefa, o participante foi instruído a apertar um botão, posicionado na mão esquerda, 
toda vez que ouvisse o nome de um animal que fosse brasileiro e ao mesmo tempo 
útil para o ser humano (decisão semântica) e sempre que ouvisse dois tons altos no 
mesmo grupo de tons (decisão de tons). As respostas de cada indivíduo foram 
computadas para análises posteriores. Também adquirimos imagens estruturais para 
o corregistro com as imagens funcionais. 
As análises das imagens foram detalhadamente descritas em cada manuscrito 
e pode ser encontrada na sessão resultados. 
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RESULTADOS 
 
 Capítulo 1: Artigo publicado na revista Neuropsychologia, 2016 
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a b s t r a c t
Language tasks used for clinical fMRI studies may be too complex for some patients with cognitive
impairments, and “easier” versions are sometimes substituted, though the effects on brain activity of
such changes in task complexity are largely unknown. To investigate these differences, we compared two
versions of an fMRI language comprehension protocol, with different levels of difficulty, in 24 healthy
right-handed adults.
The protocol contrasted an auditory word comprehension task (semantic decision) with a nonspeech
control task using tone sequences (tone decision). In the “complex” version (CV), the semantic decision
task required two complex semantic decisions for each word, and the tone decision task required the
participant to count the number of target tones in each sequence. In the “easy” version (EV), the semantic
task required only a single easier decision, and the tone task required only detection of the presence or
absence of a target tone in each sequence. The protocols were adapted for a Brazilian population.
Typical left hemisphere language lateralization was observed in 92% of participants for both CV and
EV using the whole-brain lateralization index, and typical language lateralization was also observed for
others regions of interest. Task performance was superior on the EV compared to the CV (p¼0.014).
There were many common areas of activation across the two version; however, the CV produced greater
activation in the left superior and middle frontal giri, angular gyrus, and left posterior cingulate gyrus
compared to the EV, the majority of which are areas previously identified with language and semantic
processing. The EV produced stronger activation only in a small area in the posterior middle temporal
gyrus.
These results reveal differences between two versions of the protocol and provide evidence that both
are useful for language lateralization and worked well for Brazilian population. The complex version
produces stronger activation in several nodes of the semantic network and therefore is elected for
participants who can perform well these tasks.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Language lateralization is an important issue in the context of
presurgical evaluation of patients with focal epilepsies, because
language representation may determine the prognosis related to
verbal memory and naming losses (Binder et al., 2008a; Sabsevitz
et al., 2003; Sveller et al., 2006).
Several functional magnetic resonance imaging (fMRI) proto-
cols are available for measuring language lateralization in the
clinical setting, such as paradigms emphasizing verbal fluency
(Bonelli et al., 2011; Friedman et al., 1998; Phelps et al., 1997) or
language comprehension. However, there is no universally ac-
cepted standard language protocol for presurgical evaluation. One
of these protocols is the semantic decision vs. tone decision, which
works well because the tone decision task prevents semantically
mediated “mind wandering” while also providing a control for
low-level auditory, general executive, and motor requirements of
the semantic task. In addition, it produces a strong left later-
alization in regions such as the prefrontal, temporal, angular, ret-
rosplenial, and thalamocapsular regions (Binder et al., 1997; Frost
et al., 1999).
However, the semantic and tone decision tasks used by Binder
et al. are demanding and may not be suitable for children or for
adults with cognitive deficits, such as memory loss, dysexecutive
function, or inattention. Although easier versions of these tasks
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have been developed and are sometimes used in the clinical set-
ting, there are no previous studies comparing their patterns of
activation and language lateralization with the more complex
version (Binder et al., 1995).
Some neuroimaging studies have addressed the question of
how the brain deals with task complexity and have concluded that
cognitive functions are not restrained to a particular area, because
they depend on diffuse networks which support the main function
(Papathanassiou et al., 2000; Stowe et al., 1998). Nonetheless,
other studies have demonstrated that the brain has to activate
other regions related to additional cognitive functions that are not
associated with the evaluated domain (Drager et al., 2004; Just
et al., 1996).
Therefore, the objective of this study was to compare areas of
fMRI activations directly related to language lateralization pro-
duced by two different versions, in complexity, of the language
protocol, i.e., the more complex version developed by Binder et al.
(1995) (with high cognitive demand) and an easier version with
lower cognitive demands. Our experiment was not designed to
investigate other cognitive aspects but to compare two protocols.
In addition, we aimed to develop and test a semantic decision/
tone decision fMRI protocol using a different language (Portuguese)
in a distinct cultural context (Brazil). Understanding the activation
patterns and other involved aspects of each version will help us to
better choose a task for our neurologically impaired patients.
Our first hypothesis predicted that activation patterns in our
population would be similar to those observed previously, despite
differences in language and culture. We also predicted that there
would be many common language areas between both versions;
however, the complex version would present more widespread
activations, involving some areas not shared by the easy version.
Moreover, we hypothesized that subjects would perform better
in the easy version; however, due to a higher demanding cognitive
task elicited by the complex version, we predicted that it would
provide stronger activations, especially in the dominant hemi-
sphere for language.
2. Materials and methods
2.1. Subjects
We studied 24 healthy Brazilian volunteers (9 men; mean age
2673.3, range 20–31 years), all native Portuguese speakers, from
the University of Campinas (UNICAMP) with a mean educational
level of 17.272.4 years of study, ranging from 13 to 22 years, who
indicated strong right-handed preferences-laterality quotient
(89.572.1, range 67–100) on the Edinburgh Handedness In-
ventory (Oldfield, 1971). Three volunteers reported a positive fa-
mily history for left-handedness (parents, siblings, or grand-
parents). All volunteers included in this study signed informed
consent that was approved by the Ethics Committee of the Faculty
of Medical Sciences of UNICAMP.
2.1.1 fMRI images
All MRI images were acquired on a 3T Philips Achieva (Best, the
Netherlands) with an eight-channel head coil at the Neuroimaging
Laboratory, UNICAMP, Campinas, São Paulo, Brazil. The acquisition
protocol included a T1-weighted image (isotropic voxels of 1 mm,
acquired in the sagittal plane, with 180 slices, 1 mm thick, no gap,
flip angle¼8°, TR¼7.0 ms, TE¼3.2 ms, matrix¼240240, FOV¼
240240 mm2) for anatomical registration and two echo-planar
imaging (EPI) sequences of 6 min 48 s for each version (voxel
size¼333 mm3, 40 axial slices, no gap, FOV¼240240
120 mm3, TE¼ 30 ms, TR¼2000 ms, flip angle¼90°) for func-
tional inference.
2.1.1.2 fMRI language protocol. We developed two fMRI language
protocols based on the semantic decision/tone decision study of
Binder et al. (1995), which uses names of animals as language
stimuli. As the original animal words were selected for an Amer-
ican study population, we created a new list of animal concepts
appropriate for a Brazilian population. We first conducted Google
searches to generate a list of common animals in Brazil and a list of
animals that are not found in Brazil. By consensus, we chose 128
animals that are well known by Brazilians. Each animal name was
then recorded by a male Brazilian native speaker in a sound-in-
sulated audio studio. Subsequently, these audio files were edited
to remove transients and other artifacts and normalized for in-
tensity. The tones were original audio files used by Binder et al.
(1995). Both fMRI protocols were presented using an MRI-com-
patible audio system (MR Confon GmbH, Leibniz-Institute for
Neurobiology at Magdeburg, Germany) and a PC running a MRI-
triggered paradigm, enabling time synchronization with the fMRI
acquisitions.
We instructed all volunteers to keep their eyes closed during
scanning. Two different versions of the protocol were applied. In
the complex version (CV), the semantic decision task required
volunteers to press a button (using their left hand) if they heard
the name of an animal that is both found in Brazil (excluding zoos)
and used by people (for food, farmwork, clothing, or as a pet). This
complex version of the semantic decision task thus requires eva-
luation of two distinct criteria, both of which are somewhat
complex and ambiguous.
During the CV tone decision task, volunteers heard brief se-
quences of 3–7 high (750 Hz) and lower (500 Hz) frequency tones
and were instructed to press the button (with the left hand) for
sequences containing exactly two high tones.
In the easy version (EV) of the protocol, the semantic task re-
quired volunteers to press the button if they heard the name of an
animal that walks on four legs. In contrast to the CV, this version
requires only a single criterion to be evaluated, which is relatively
concrete and unambiguous. In the EV tone decision task, volun-
teers were instructed to press the button whenever they heard a
sequence with at least one high tone. Compared to the CV version,
the EV tone task did not require counting or monitoring of the
entire tone sequence and thus made lower demands on working
memory and attention.
Four EPI runs were acquired (we combined two runs for CV and
two for EV), each alternating eight activation blocks of semantic
decision with nine blocks of tone decision. Each block contained
eight task trials and lasted 24 s, so the subjects had 3 s to listen to
each stimulus and push the button. All participants performed
both versions, but half of them performed the CV in the first two
runs, and the other half started with the EV.
Participants were instructed that their most important goal was
to engage as completely as possible in the tasks, and that they
should not be concerned about occasional errors, given that fa-
miliarity and knowledge about animals varies from person to
person.
2.1.1.3 Quantitative ROIs analysis. In order to calculate the later-
alization index (LI) related to each version (EV and CV), we defined
regions of interest (ROIs) using the WFU-PickAtlas toolbox (http://
www.nitrc.org/projects/wfu_pickatlas/; Maldjian et al., 2003). Re-
sults from a previous study using the semantic decision/tone de-
cision protocol in a large sample of healthy subjects (Frost et al.,
1999) were used to guide selection of the gyri to be included in the
ROIs. We defined the following ROIs in both right and left hemi-
spheres: Hemisphere (the whole left and right hemispheres),
Wernicke's area (Brodmann's areas 22, 39, 40), Broca's area (pars
opercularis and pars triangularis or Brodmann's area 44 and 45),
and a lateral temporal area (superior, middle, and inferior
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temporal gyri). Finally, we extracted the number of activated
voxels overlapping with each ROI.
2.1.1.4 Data analysis. Image processing and statistical analysis were
carried out using MATLAB R2010a (The Mathworks Inc., Natick,
MA, USA) and Statistical Parametric Mapping (SPM8: Wellcome
Trust Centre for Neuroimaging, London, UK).
Initially, we realigned images for head motion correction. The
movement graphics of all subjects were visually checked, and no
volumes were discarded. This was followed by image normal-
ization (MNI-152 template) and smoothing (666 mm3
FWHM). The functional mean image was co-registered to the high
resolution T1-weighted image of each participant.
The movement parameters (three rotational and three trans-
lational) were used as repressors at the first statistical level. In
addition, we found no statistical (paired t-tests, Bonferroni cor-
rected) difference between EV and CV in four movement para-
meters (maximal displacement between two scans, maximal dis-
placement relative to the first scan, maximal rotation between two
scans, and maximal rotation relative to the first scan).
Then, we modeled the semantic decision task against the tone
decision task to obtain individual contrasts (one for EV and one for
CV) related to the condition-specific effects of semantic decision
for each subject. Sequentially, we calculated the LI considering the
differences between the left and right sides throughout the ROIs
using the formula: LI¼100*(LR)/(LþR), where L and R indicate
the number of activated voxels in the corresponding left and right
ROI, respectively. This formula was applied to individual statistical
maps (EV and CV) for each participant, with a threshold of
T-score¼4.85 (FWE_corrected po0.05). LI categorization used the
following cutoffs: LIZ20¼ left, LIr20¼right, 20rLIZ20¼
bilateral (Springer et al., 1999; Sveller et al., 2006; Szaflarski et al.,
2002).
The individual maps (EV and CV) for each subject were then
carried to second-level analysis in SPM. First, to analyze the overall
brain activation for each version, we performed one sample t-test
for EV and CV separately. As our main question was to compare EV
and CV, we therefore performed a conjunction analysis, searching
for common voxels activated in both versions. It is important to
note that at this point we were interested exclusively in those
voxels that were significantly activated in both CV and EV, ac-
cording to Friston et al. (1999) and Nichols et al. (2005).
Lastly, we conducted a paired t-test directly comparing the CV
and EV maps for each subject in the design matrix in order to
investigate the differences between the two versions. Differences
between subtraction maps can arise from either differences in
activation or differences in deactivation, causing ambiguity in the
interpretation. Because we were interested only in voxels that
were activated by the language task (in either the CV or EV pro-
tocol), we masked out any voxels that had negative values (i.e.,
greater activation for the tones task) in both the CV and EV maps
when computing the CV–EV and EV–CV maps.
For individual (one sample t-test), group (paired t-test), and
conjunction analyses, we applied FWE correction (corrected
alpha¼0.05) for multiple comparisons. The xjview (www.alive
learn.net/xjview) was used for the identification of anatomic areas
from each SPM statistical map (we displayed clusters with a
minimum of 5 voxels).
We used SPSSs Statistics Version 21 software to calculate de-
scriptive data, including mean, standard deviation (SD), and range.
In addition, we conducted an inferential analysis using a paired t-
test for the intra-scanner subjects’ performance and for the dif-
ferences between the number of positive activated voxels in the
CV and EV for each ROI. We also conducted Pearson correlation
between LIs obtained with the two versions.
3. Results
3.1. Task performance
For the semantic decision task, we observed a significantly
better performance in EV compared to CV (average of correct re-
sponses 92.2% vs. 81.3%, respectively; p¼0.014). However, no sig-
nificant differences were identified for the tone decision task be-
tween EV and CV (96.0% vs. 95.9%, respectively).
3.2. Language lateralization
Using the whole hemisphere as a ROI, 92% of participants
presented typical leftward language lateralization (LI420) for CV
and EV. One participant had bilateral language in both CV and EV;
one participant presented bilateral language exclusively in CV, but
weak left lateralization in EV (LI¼22.5); and one participant
showed bilateral language in EV, but weak left lateralization in CV
(LI¼20.2).
The analysis of individual ROIs also revealed left lateralization
for most participants in both versions: Wernicke's area (CV¼75%,
EV¼83%), Broca's area (CV and EV¼87.5%), and lateral temporal
(CV¼83%, EV¼75%). Correlations between LIs from the two ver-
sions were moderate to strong: whole hemisphere (r¼0.71),
Wernicke's area (r¼0.50), Broca's area (r¼0.71), and lateral tem-
poral (r¼0.75) (all po0.05) (Fig. 1). Comparisons of the LI be-
tween CV and EV are presented in the Supplemental Data
(Tables 4-S and 5-S).
Other brain regions (e.g., basal ganglia and cerebellum) that
were activated in the two versions of the task, as well as the dif-
ferences in the LIs between the ROIs, are included in the Supple-
mental data.
3.3. Overall brain activation
Activation at the group level in the complex version of the
protocol closely replicated previous results (Binder et al., 1997,
2008b; Frost et al., 1999). As illustrated in Fig. 2, activated regions
included most of the left inferior frontal gyrus, a posterior region
of the left middle frontal gyrus, left superior frontal gyrus, left
angular gyrus, left posterior cingulate gyrus, portions of the left
middle temporal lobe, parahippocampus, left fusiform gyrus, left
thalamus, and left caudate nucleus. Also consistent with previous
results were several activated areas in the right hemisphere (in-
ferior frontal gyrus, middle temporal gyrus, and caudate nucleus).
Brain activation during the EV protocol also showed the most
activated areas in the left hemisphere, including portions of the
frontal lobe (superior, middle, inferior gyrus, inferior orbito-
frontal), angular gyrus, middle temporal gyrus, fusiform gyrus,
posterior cingulate, and precuneus. The tables and figure illus-
trating the detailed information about EV and CV are in the Sup-
plemental data (Fig. 1-S and Table 2-S and 3-S, respectively).
We also performed an analysis related to activation and deac-
tivation of the tone task. These results are in the Supplemental
data (Tables 6-S and 7-S).
Over the entire brain, there were more positively activated
voxels in the CV protocol (mean¼4357, sd¼2668) than in the EV
protocol (mean¼1893, sd¼1374; paired t23¼5.43, po0.00001).
This was also the case for the others ROIs: Wernicke (CV mean¼
271, sd¼141 and EV mean¼106, sd¼78; paired t23¼5.03,
po0.001), Broca (CV mean¼88, sd¼51 and EV mean¼50, sd¼27;
paired t23¼3.87, p¼0.001), and lateral temporal (CV mean¼599,
sd¼336 and EV¼371, sd¼207; paired t23¼3.36, p¼0.003).
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3.4. Common areas of activation between CV and EV
We sought areas with strong activation that were commonly
shared between EV and CV using a conjunction analysis. This
procedure was designed to demonstrate that both versions would
elicit overall language network activations. We identified sig-
nificant activations, especially in the left hemisphere of the frontal
lobe (inferior and superior frontal gyri) and aspects of the tem-
poral lobe such as middle temporal, inferior temporal, and para-
hippocampal gyri, as well as angular gyrus thalamus and posterior
cingulate. There were few common activated regions in the right
hemisphere (inferior frontal gyrus and caudate). Detailed in-
formation is presented in Table 1 and Fig. 3.
Moreover, we conducted an analysis to create an intersection
map between the CV and EV group activation maps in order to
obtain the percentage of the common areas between both ver-
sions. We observed that 560 voxels were present in the intersec-
tion map; in the CV map, only 29.6% of the activated voxels (560/
1892 voxels) matched those in the EV map. In contrast, 64.3% of
the activated voxels in EV (560/871 voxels) matched those acti-
vated voxels in CV.
3.5. Differences between CV and EV
We initially searched for areas with higher positive activation
in CV than in EV (CV minus EV) using a direct, paired voxel-wise
comparison between the versions. There were significantly greater
activations for CV only in the left hemisphere, including the su-
perior and middle frontal gyri and angular gyrus, and small acti-
vations in the posterior cingulate gyrus. A subsequent analysis
investigating areas with higher activation in EV (EV minus CV)
identified only a small area in the posterior aspect of the left
middle temporal gyrus. Detailed information is presented in Ta-
ble 2 and Fig. 4. The glass brains related to the CV minus EV and EV
minus CV are shown in Fig. 2-S.
4. Discussion
We replicated the overall pattern of brain activation reported
previously in several studies using this semantic decision/tone
decision fMRI method (Binder et al., 1997, 2008b; Frost et al.,
1999), confirming a good generalization to a different culture and
language. It provides a useful fMRI method for language mapping,
yielding strong left lateralization for the vast majority of these
right-handed subjects, using both the complex and easy versions.
The overlap analysis showed that, overall, 64% of voxels that were
activated during the EV matched those activated in the CV, sug-
gesting overall similarity of the activation patterns produced by
the two versions, although CV produced significantly more acti-
vated voxels on average. In addition, we detected a good agree-
ment between the LIs derived from the two versions considering
Fig. 1. Correlations between lateralization indexes (LIs) from complex and easy versions for each ROI. (A) Hemispheric LI, (B) Wernicke's area LI, (C) Broca's area LI, and
(D) lateral temporal LI. Moderate to strong correlation was observed for the analyzed regions.
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the whole hemisphere, Wernicke, Broca, and lateral temporal
areas, suggesting that measurement of language lateralization is
not greatly affected by the level of task complexity.
As expected, subjects made more correct responses for EV than
CV, confirming that EV is indeed easier. Moreover, the more
complex task could be considered more advantageous, because it
produces a larger activation within core language regions, as de-
monstrated in the ROI analysis. However, even though we mod-
eled the semantic task against the tone task, some of those areas
with widespread activations may be supporting the increased
cognitive demand (executive and attention) required by the task
and may not necessarily be specific to language processing. In
contrast, the easy task engages the same core language regions,
but to a lesser extent. Also useful to consider are the functional
specificities of those areas detected from differences between CV–
EV and EV–CV subtractions. From the former analysis, we identi-
fied both left superior and middle frontal gyrus, including part of
the dorsomedial and dorsolateral frontal cortex. The dorsomedial
frontal cortex is a region that has been strongly linked with se-
mantic retrieval (Binder et al., 2009). Focal lesions in this region
Fig. 2. Language-specific activation in the complex version of the protocol shows a predominant left lateralization. Images are displayed in coronal (row 1), axial (row 2), and
sagittal views. The left hemisphere in coronal and axial views is on the left side of each image (minimum T-value¼6.2).
Table 1
Anatomic areas and local peaks showing significant activated common areas between the complex and easy versions obtained from a conjunction analysis.
Conjunction
Cluster-level Peak-level MNI coordinate Anatomic area
pFWE-corr KE pFWE-corr T (ZE) x (mm) y (mm) z (mm)
o0.001 564 o0.001 11.23 7.75 45 26 13 Left inferior frontal gyrus, left middle frontal gyrus
o0. 001 70 o0. 001 9.20 6.89 60 34 2 Left middle temporal gyrus
o0. 001 70 o0. 001 8.90 6.75 54 10 11 Left superior temporal gyrus, left middle temporal gyrus
o0. 001 55 o0. 001 8.14 6.37 30 34 20 Left fusiform gyrus, left parahippocampal gyrus
o0. 001 178 o0. 001 7.99 6.29 6 29 40 Left superior frontal gyrus
o0. 001 32 o0. 001 7.66 6.12 33 70 40 Left angular gyrus
o0. 001 36 o0.001 7.34 5.94 6 10 7 Left thalamus
o0. 001 69 o0.001 7.11 5.81 21 1 11 Left hippocampus, left hippocampal gyrus
o0. 001 33 o0.001 6.99 5.74 48 52 17 Left inferior temporal gyrus
o0. 001 17 o0.001 6.88 5.67 3 55 10 Left posterior cingulate
o0. 001 24 o0.001 6.73 5.59 12 5 10 Right caudate
o0. 001 17 0.002 6.31 5.33 33 29 11 Right inferior frontal gyrus
o0.001 9 0.004 6.12 5.21 9 82 20 Right cerebellum
0.002 5 0.013 5.80 5.00 12 8 10 Left caudate
0.001 7 0.017 5.71 4.94 12 17 7 Right caudate
KE¼cluster size in template voxels; T¼T value at the local peak; ZE¼z-score.
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produce transcortical motor aphasia, a syndrome characterized by
sparse speech output but normal articulation and repetition
(Alexander and Benson, 1993). Patients can name objects but are
unable to spontaneously generate lists of words in a category or
non-formulaic responses in conversation, that is, they perform
poorly when a large number of responses are possible (Robinson
et al., 1998). This pattern has been attributed to a deficit specifi-
cally affecting self-guided, goal-directed retrieval of semantic in-
formation (Alexander and Benson, 1993; Binder et al., 2009; Ro-
binson et al., 1998). On the other hand, the dorsolateral frontal
cortex is related to a variety of working memory operations, such
as monitoring and manipulating information of verbal and visual
knowledge during a short time period (Rypma and D'Esposito,
1999) and when the subject have to select an appropriate response
regarding a stimulus presented (Barbey et al., 2013). It shows that
the more complex task, used in our study, engages more wide-
spread brain regions. This gives support to the assumption that the
more complex semantic task engages increased cognitive de-
mands beyond language areas, including working memory net-
works. We believe the activation in the dorsolateral frontal region
is a supportive area involved with language function in this task,
because we modulated the semantic task against the baseline
(tone decision task) to subtract other cognitive or non-cognitive
functions that would not be related to language.
A second region, the angular gyrus, has also been strongly
linked with semantic processing (Binder et al., 2009; Démonet
Fig. 3. Brain map of the activated common areas between CV and EV (warm colors represent CV, cool colors represent EV, and green colors represent the conjunction of CV
and EV) (minimum T-value¼5.3).
Table 2
Anatomic areas and local peaks showing significant activation differences between the complex and easy versions and between the easy version minus the complex version.
Complex version minus easy version
Cluster-level Peak-level MNI coordinate Anatomic area
pFWE-corr KE pFWE-corr T ZE x (mm) y (mm) z (mm)
o0.001 283 o0.001 9.67 6.05 45 17 43 Left superior frontal gyrus, left middle frontal gyrus
o0.001 69 o0.001 9.45 5.98 48 67 28 Left angular gyrus
o0.001 11 0.004 7.32 5.21 3 46 34 Left posterior cingulate gyrus
o0.001 36 0.005 7.26 5.18 15 59 19 Left superior frontal gyrus
o0.001 5 0.009 6.98 5.07 9 61 34 Left angular gyrus
o0.001 5 0.009 6.96 5.05 6 55 13 Left posterior cingulate gyrus
Easy version minus complex version
o0.001 5 0.017 6.71 4.94 45 58 2 Left middle temporal gyrus
KE¼cluster size in template voxels; T¼T value at the local peak; ZE¼z-score.
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et al., 1992). Although the specific role of this region in semantic
cognition is not yet entirely clear, recent evidence suggests that it
may primarily store complex knowledge about spatial and tem-
poral relationships between concepts, which allows us to under-
stand events (Bedny et al., 2013; Schwartz et al., 2011; Thothathiri
et al., 2012). Focal lesions in the angular gyrus can cause a variety
of higher cognitive deficits, but most commonly naming errors and
sentence comprehension difficulty (Schwartz et al., 2011; Tho-
thathiri et al., 2012). In the CV semantic task, the subjects had to
retrieve knowledge about how animals are used and where they
are commonly found, both of which depend on knowledge about
events involving animals. In contrast, the EV semantic task only
required knowledge about the visual appearance of the animal
(i.e., whether it has four legs). Thus, activation in the angular gyrus
is expected to be stronger for the CV task.
The posterior cingulate region has been linked with a variety of
processes, including episodic and visuospatial memory functions
(Aggleton and Pearce, 2001; Epstein et al., 2007; Rudge and War-
rington, 1991), spatial attention (Small et al., 2003), visual imagery
(Burgess, 2008; Hassabis et al., 2007), and others (Buckner et al.,
2008; Vogt et al., 2006). It is also regularly activated in contrasts
between semantic and non-semantic tasks (Binder et al., 2009). Gi-
ven the posterior cingulate region's strong anatomical connections
with the medial temporal memory system, Binder et al. (2009)
speculated that it may act as an interface between the semantic re-
trieval and episodic encoding systems, enabling preferential encoding
of meaningful (compared to meaningless) events.
Finally, the EV contrast produced stronger activation than the
CV protocol in a small focus at the posterior aspect of the left
middle temporal gyrus. We speculate that this may reflect the
more concrete nature of the EV semantic task, which required
subjects to decide if an animal “walks on four legs.” This task likely
encouraged greater visual imagery, possibly also including
imagined biological motion. This posterior temporal region is close
to areas involved in perceptual processing of visual motion (Tootell
et al., 1995), biological motion (Grossman and Blake, 2002), gen-
eral visual shape (Grill-Spector and Malach, 2004), and body part
shapes (Downing et al., 2001).
We have knowledge about two studies investigating similar
tasks, but with children aged 5–10 years (Balsamo et al., 2006) and
7–14 years (Vannest et al., 2013). Both studies found strong left
lateralization in inferior and middle frontal giri. In the present
study, we showed the same aspects of the frontal lobe as found by
these two studies (Balsamo et al., 2006; Vannest et al., 2013) and
also a more widespread activation (superior frontal gyrus, angular
gyrus, middle temporal gyrus, fusiform gyrus, posterior cingulate,
and precuneus). We can conclude that the inferior and middle
frontal giri are implicated in semantic processing since the early
ages. Nonetheless, a straight comparison between studies is
complex because there are differences related to age and differ-
ences in the paradigms. Therefore, the more diffuse activation we
found in the EV may be related to the neural development and
maturation of the language abilities in young adults (20–31 years)
in our study as compared to children in the two previous studies
(Balsamo et al., 2006; Vannest et al., 2013).
The absence of significant differences between EV and CV re-
lated to the LI shows that EV is equivalent to CV for overall
hemisphere language lateralization. However, the CV protocol
agreed with Binder et al. (2009), showing that a complex semantic
process is widespread, involving three large categories: posterior
heteromodal association cortex, subregions of the heteromodal
prefrontal cortex, and medial paralimbic regions connecting with
hipocampal formation. In whatever way, this version may also
reflect recruitment of additional neural resources to cope with the
increased attentional load or working memory burden associated
with making two decisions instead of one.
Fig. 4. Whole-brain map of the differences between CV and EV, showing that CV elicits stronger activations of the left hemisphere (hot colors represent CV4EV), while EV
produces stronger activations in a small area of the left hemisphere (blue–green colors represent EV4CV) (minimum T-value¼6.2).
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Some researchers have studied the effect of task complexity on
language activation. One of them performed a word retrieval task
controlling for word-finding difficulty and a simple word repeti-
tion as a baseline condition (Drager et al., 2004). Just et al. (1996)
evaluated three kinds of visually presented sentences that were
different according to structural complexity and a baseline con-
dition (an asterix), but superficially similar. Both studies concluded
that increasing task complexity leads to involvement of brain areas
with additional cognitive functions that are not related primarily
to language (Drager et al., 2004) or that the increase in the amount
of brain activation is in accordance with the demand on the lan-
guage task (Just et al., 1996).
At least two aspects of those studies make them not directly
comparable with the tasks used in our study. The first corresponds
to the rest conditions used, since they were not so robust to
control for other cognitive domains required by the task. The
second refers to the language domains used in our tasks (seman-
tic) vs. theirs (word retrieval and sentence comprehension).
There are many tasks and different ways to conduct a study
using language fMRI. We compared two different tasks in the se-
mantic domain, which is a specific function of language. Because
of that, the results cannot be generalized for another language
sphere. In addition, the study design is not robust enough to
control the multiple factors that differ between the CV and EV
protocols, so it is difficult to say exactly what is causing the dif-
ferences in activation.
5. Conclusion
The semantic decision/tone decision protocol, an extensively
validated fMRI paradigm for presurgical language mapping, was
adapted for use in another language and culture and produced
results similar to those originally reported.
Although EV was less difficult for our healthy subjects and
would be most likely even easier for neurologically impaired pa-
tients, it showed a less widespread activation of language areas,
demonstrating that we could lose some important areas activated
during the task. Even if these areas are involved with other cog-
nitive functions, they are important, because they may have a
supportive role for language. Therefore, CV appears to be a good
protocol for participants who can perform these tasks as compared
to EV. EV is, however, an alternative for subjects who are de-
monstrably unable to perform more complex tasks, and it appears
to produce very comparable estimates of hemispheric language
lateralization.
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Table 1-S: Participants´ language lateralization on the complex and easy versions for each ROI 
Participants 
 
Hemisphere 
% 
CV 
 
 
Hemisphere 
% 
EV 
 
Wernicke 
% 
CV 
Wernicke 
% 
EV 
Broca 
% 
CV 
Broca 
% 
EV 
Temporal 
lateral 
% 
CV 
 
Temporal 
lateral 
% 
EV 
 
1 71.1 64.9 48.9 47.0 100.0 100.0 6.2 * 19.4* 
2 31.8 73.8 -33.3 * 40.5 55.6 69.6 36.0 26.0 
3 24.0 48.6 14.9 * 14.6* -26.2 * 33.3 59.2 58.0 
4 67.9 52.2 43.3 -1.5* 95.0 100.0 60.8 40.7 
5 77.3 97.9 95.5 100.0 94.6 100.0 95.8 95.7 
6 38.2 41.9 22.8 11.8* 100.0 100.0 45.0 26.8 
7 70.8 79.1 100.0 88.9 100 61.5 95.6 92.3 
8 48.1 78.7 26.6 66.9 96.3 100.0 35.8 51.0 
9 58.3 33.3 83.3 50.9 55.8 -13.2* 80.5 34.3 
10 0.1 * -9.1* -12.3 * 25.0 8.7 * -17.5* -21.3 * -3.4* 
11 65.8 73.6 65.6 35.1 92.6 88.6 69.9 59.1 
12 32.0 73.4 12.0 * 81.8 82.1 100.0 38.4 53.7 
13 38.7 62.9 59.7 88.9 48.2 100.0 18.6 * 67.7 
14 67.6 70.8 74.7 69.2 90.3 100.0 65.5 61.1 
15 60.7 93.2 67.5 100.0 91.6 100.0 86.2 100.0 
16 43.2 47.7 58.0 80.9 86.7 67.4 65.1 78.1 
17 9.2 * 22.5 -12.4 * 20.7 16.5 * 20.6 6.6 * 12.4* 
18 36.0 74.7 20.2 90.9 66.7 93.0 56.0 73.8 
19 65.9 45.4 61.4 26.3 93.8 73.3 51.6 16.1* 
20 61.0 71.9 55.9 44.7 86.1 92.3 57.5 52.8 
21 20.2 9.4* 10.1 * -37.8* 34.7 -21.4* 23.1 3.4* 
22 64.5 81.7 36.9 74.1 100.0 67.7 58.2 76.1 
23 82.6 87.7 71.9 79.7 96.3 100.0 90.4 82.3 
24 37.7 30.8 38.1 38.9 87.8 73.1 51.7 17.4* 
CV= complex version; EV= easy version; *= atypical language lateralization on the specifics ROIs. 
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Figure 1-S: Language-specific activation on the easy version of the protocol. Images are displayed in coronal (row 1), axial (row 2), and sagittal 
views. The left hemisphere in coronal and axial views is on the left side of each image. (Minimum T- value= 6.2). 
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Table 2-S: Anatomic areas, cluster and local peaks in the brain activation on the easy version. 
Easy version 
cluster – level peak – level MNI coordinate Anatomic area 
pFWE-corr KE pFWE-corr T (ZE) x (mm) y (mm) z (mm)  
<0.001 416 <0.001 12.19 6.74 -45 26 10 
Left inferior and middle frontal 
gyrus, left inferior orbitofrontal gyrus 
<0.001 83 <0.001 11.34 6.53 -48 -58 -11 
 
Left inferior and middle temporal 
gyrus 
<0.001 113 <0.001 10.06 6.17 -9 29 40 
 
Left medial frontal gyrus and 
superior frontal gyrus 
<0.001 100 <0.001 9.40 5.97 -60 -34 -2 
 
Left superior and middle temporal 
gyrus 
 
<0.001 28 <0.001 9.07 5.86 -3 -13 4 
Left thalamus 
 
0.001 5 <0.001 8.39 5.62 57 2 -11 Right middle temporal gyrus 
<0.001 50 0.001 8.17 5.54 -30 -16 -11 
 
Left hippocampus, left 
parahipocampal gyrus 
 
<0.001 12 0.001 8.04 5.50 9 -73 -23 
Right posterior cerebellum 
 
<0.001 38 0.001 7.86 5.42 -36 -34 -20 
Left fusiform gyrus 
 
<0.001 11 0.001 7.70 5.36 -30 -70 43 
Left superior parietal lobe 
 
<0.001 15 0.004 7.33 5.21 9 5 13 Right caudate 
KE= cluster size in template voxels; T= T value at the local peak; ZE= z-score.   
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Table 3-S: Anatomic areas, cluster and local peaks in the brain activation on the complex version. 
Complex version 
cluster – level peak – level MNI coordinate Anatomic area 
pFWE-corr KE pFWE-corr T (ZE) x (mm) y (mm) z (mm)  
<0.001 1299 <0.001 12.20 6.74 -36 35 -11 
 
Left superior, middle, inferior frontal 
gyrus, left inferior orbitofrontal 
gyrus, left medial frontal gyrus 
<0.001 56 <0.001 11.64 6.60 -54 -7 -11 
 
Left middle temporal gyrus 
<0.001 105 <0.001 10.45 6.28 -33 -73 43 
 
Left angular gyrus 
<0.001 28 <0.001 10.35 6.26 0 -34 34 
 
Left cingulate gyrus 
<0.001 63 <0.001 10.34 6.25 -3 -55 10 
 
Left posterior cingulate, left 
precuneus 
<0.001 50 <0.001 10.02 6.16 -54 -40 -2 
 
Left middle temporal gyrus 
<0.001 90 <0.001 9.37 5.96 12 17 10 
 
Right caudate 
<0.001 30 <0.001 8.72 5.74 -12 8 16 
 
Left caudate 
<0.001 9 <0.001 8.54 5.68 42 29 -14 
 
Right inferior frontal gyrus 
 
<0.001 5 <0.001 8.32 5.60 57 2 -11 Right middle temporal gyrus 
<0.001 47 <0.001 8.25 5.57 -27 56 4 
 
Left superior and middle frontal 
gyrus 
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<0.001 47 <0.001 8.20 5.55 -33 -31 -20 
 
Left fusiform gyrus, Left 
parahippocampal gyrus 
<0.001 11 0.001 7.96 5.46 3 -7 -11 
 
Right Midbrain 
<0.001 18 <0.000 7.93 5.45 -27 -16 -11 
 
Left parahippocampal gyrus 
 
<0.001 34 <0.000 7.90 5.44 -6 -10 4 Left thalamus 
KE= cluster size in template voxels; T= T value at the local peak; ZE= z-score. 
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Figure 2-S: Language activation represented by the glass brain. a) Represents the complex version minus easy version and b) Represents the easy 
version minus complex version. The red arrows are showing the global maximum.  
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Other cerebral and cerebellar areas activated in each task 
Basal ganglia: In the complex version, 46% of the volunteers had activation in the basal ganglia (12.5% right; 8.33% bilaterally and 25% left). In 
the easy version, 21% of the volunteers activated the basal ganglia (17% left and 4% bilaterally). 
Cerebellum: In the complex version, the laterality index in the cerebellum was forward right in 62.5% of people; bilaterally= 33.33% and only 
one volunteer had no activation (4%). 
While, in the easy version, 54% of the volunteers had laterality index forward right; 21% in the left hemisphere; 12.5% bilaterally and 3 
volunteers (12.5%) had no activation in the cerebellum. 
 
Comparison of the laterality index between the ROIs for the complex and easy versions. 
The results showed a significant difference between the ROIs in the CV [F= 4.606; p= 0.005], demonstrating differences in the laterality index 
between whole brain and Broca´s area (p= 0.037) and between Wernicke´s areas and Broca´s area (p= 0.004). The detailed information about the 
mean and SD are in the table below. 
Table 4-S: Comparison of the laterality index between the ROIs for the complex version 
 Mean (SD) 
Whole Brain  48.9 (22.2) 
Wernicke area  42.1 (34.7) 
Broca area  73.1 (34.2) 
Lateral temporal  51.4 (32.3) 
 
  
  
8 
 
Related to the EV, we found no significant differences between the ROIs [F= 1.841; p= 0.145]. The detailed information about the mean and SD 
are in the table below. 
Table 5-S: Comparison of the laterality index between the ROIs for the easy version 
 Mean (SD) 
Whole Brain  58.6 (27.0) 
Wernicke area  51.6 (35.7) 
Broca area  70.3 (40.2) 
Lateral temporal  49.8 (30.3) 
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Table 6-S: Brain areas activated during the tone task in the complex and easy version. 
Activated areas in the tone task 
cluster – level peak – level MNI coordinate Anatomic area 
pFWE-corr KE pFWE-corr T (ZE) x (mm) y (mm) z (mm)  
Complex Version 
<0.001 14 <0.001 8.54 5.68 45 -43 52 Right inferior parietal lobe 
0.001 5 0.002 7.71 5.37 27 -64 23 Right posterior cerebellum 
Easy Version 
<0.001 7 0.004 7.33 5.21 60 -22 4 Right superior temporal gyrus 
KE= cluster size in template voxels; T= T value at the local peak; ZE= z-score; T-minimun value= 6.24 
 
Table 7-S: Brain areas deactivated during the tone task in the complex and easy version. 
Deactivated areas in the tone task 
cluster – level peak – level MNI coordinate Anatomic area 
pFWE-corr KE pFWE-corr T (ZE) x (mm) y (mm) z (mm)  
Complex Version 
<0.001 21 0.005 7.22 5.16 -3 59 -5 Left superior frontal gyrus 
  0.035 6.40 4.80 6 56 -8 Right superior frontal gyrus 
Easy Version 
<0.001 6 0.001 7.41 5.24 -9 -58 7 Left posterior cingulate 
KE= cluster size in template voxels; T= T value at the local peak; ZE= z-score; T-minimun value= 6.24 
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Abstract  
It is not entirely understood how temporal lobe epilepsy (TLE) with and without hippocampal 
atrophy (HA) affect cortical language distribution. We investigated TLE patients with right HA 
(RHA), left HA (LHA) and negative MRI (nonHA) and controls using semantic-language fMRI task 
and Boston naming test (BNT). Groups did not differ in frequency of atypical language lateralization 
(LL). LL correlated with handedness differently in each region and group. Activation patterns and 
ROI-to-ROI functional connectivity (FC) differed between LHA and controls, as well as LHA and 
nonHA. Seed-to-voxel FC demonstrated greater differences between patients and controls and smaller 
differences among patients’ groups. RHA and LHA differed from controls in BNT. BNT correlated 
with fMRI activation in RHA and nonHA. Hierarchically, LHA impacts naming performance, fMRI 
activation pattern and FC, more than RHA, and no-HA were similar to controls, except for FC. 
Contrary to expected, HA, did not increase the frequency of atypical LL.  
 
Keywords: language, semantic-decision/ tone-decision task, fMRI, temporal lobe epilepsy.  
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Lately, attention has been directed to the role of temporal lobe in language production, as temporal 
cortex has been specifically associated with semantic fluency because of its function in accessing 
lexical-semantic representations1. Similarly, mesial temporal regions (mainly hippocampus) have also 
been implicated in both semantic category tasks2, 3 and semantic memory4, 5. Connections between 
hippocampus and neocortical temporal structures underpinning its participation in language network 
have been described both structurally and functionally. While anatomical studies have confirmed 
hippocampal projections to neocortex via subiculum and entorhinal cortex6, functional studies (seizure 
recording with depth and subdural electrodes) demonstrated that seizures initiate within the 
hippocampus and propagate to temporal neocortex7. In addition, dominant hippocampus was described 
as an important role in naming ability in controls and TLE patients8, 9. Considering the involvement of 
different areas of temporal lobe in language network, it is noteworthy to raise the question whether 
and how temporal lobe epilepsy (TLE) can interfere with language processing.  
Previous studies suggested that patients with mesial temporal epilepsy with lesion close to 
language areas are more likely to present atypical language laterality10, 11. However, interpretation of 
results was limited by heterogeneous methodologies applied: one measured language laterality with 
WADA test11, and the other applied semantic task fMRI10. In addition, other studies mixed different 
etiologies in the sample. Therefore, differences in techniques associated with different structural brain 
alterations prevented to conclude precisely whether TLE is associated with a specific/different pattern 
of language network activation in fMRI. Despite the evidences of temporal lobe involvement in 
semantic language function, it is not entirely understood whether normal hippocampus performs a 
direct role in language processing12, or if an atrophic hippocampus (originating seizures) is capable to 
disrupt classical language networks10. 
As language lateralization is of great concern in TLE, (regarding both side of seizure onset and 
apparent material specific memory deficits), it may impact a strong lateralized function such as 
language. Leftward TLE has been repeatedly associated with more widespread and severe dysfunction 
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of bilateral brain networks, as demonstrated with different imaging techniques using white matter 
tracts13, 14, voxel based morphometry in gray matter regions15, 16, 17 and resting state functional MRI 
(fMRI)18. Given the strong lateralization of language network production in healthy subjects, it is also 
important to raise the question whether side of TLE (right or left) can differently influence language 
network organization. 
Given these evidences, the impact of TLE on language production is still unclear, considering 
both its anatomical (presence or absence of hippocampal atrophy and lesion´s side) and functional 
network alterations (lower efficiency of network connections). So far, few language fMRI studies have 
specifically investigated the impact of hippocampal atrophy on language in TLE patients, as most 
studies combined different TLE etiologies9, 11, 19 and none has analyzed TLE patients with normal 
hippocampal volumes. Therefore, we designed a functional connectivity study with language fMRI, 
comparing patients with TLE (93 subjects) and controls (101 subjects). To avoid the bias introduced 
by multiple etiologies, we selected a homogeneous group of TLE without dual pathology and we 
analyzed three groups separately, TLE with right HA (RHA), TLE with left HA (LHA) and TLE 
without HA (nonHA). Our main hypotheses are: the hippocampus is normally implicated in the main 
language network; LHA may disturb language function more than RHA, followed by nonHA; the 
hippocampal atrophy is more inclined to change language dominance and HA is associated to a higher 
incidence of abnormal language dominance. 
 
 
Results 
1. Clinical data  
There were no differences between groups regarding handedness (F=1.35, p=0.26, df=3) 
(measured with Edinburgh handedness Inventory), incidence of atypical language lateralization in the 
whole brain (x2=2.91; p=0.41), Broca’s area (x2=0.52; p=0.91) and Wernicke´s area (x2=0.41; p=0.94). 
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As expected, most participants were right handed and had leftward language dominance. NonHA 
patients presented later seizure onset compared to LHA (p=0.008; F=0.52, p=0.007, df=2). 
On BNT, both RHA (p=0.002) and LHA (p=0.01) groups performed worse than controls; nonHA 
performed similarly to controls (p=0.43) (F=5.28, p=0.002, df=3). (See Figure 1 and table 1-S). 
 
Figure 1: Boston naming performance for the four groups. Naming mean performance shows 
worse performance for both RHA (p=0.002) and LHA (p=0.01) compared to controls.  
 
2. Language laterality index correlations 
Age of seizure onset was not correlated with language LI in any patients´ group (p>0.05). 
However, different levels of correlations between language LI and handedness were observed 
according to each region, as described in Table 1. 
 
Table 1. Correlation between language laterality index and manual dominance index.  
 
 Controls nonHA RHA LHA 
Whole brain p=0.03; r=0.21 p=0.12 p=0.06 p=0.006; r=0.48 
Broca p=0.04; r=0.21 p<0.001; r=0.69 p=0.02; r=0.41 p=0.001; r=0.55 
Wernicke p=0.13 p=0.07 p=0.04; r=0.36 p=0.04; r=0.37 
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Note significant correlations for LHA, involving three areas. nonHA: patients without hippocampal 
atrophy; RHA: right hippocampal atrophy; LHA: left hippocampal atrophy.  
 
 
3. Activation pattern from standard analysis 
3.1 Overall brain activation  
The overall brain activation related to language task showed a similar, strong leftward pattern in 
all groups. There was a greater activation in areas associated to language in the left hemisphere, 
including MFG and inferior frontal gyrus (IFG), as well as middle temporal gyrus (MTG) and 
parahippocampal gyrus (PHG). Complete information is detailed in figure 2. 
Only RHA and nonHA showed positive correlation between BNT performance and activation 
maps. For RHA group most areas were in left hemisphere, (such as angular gyrus, MFG, SFG, 
posterior cingulate gyrus and PHG), except for a rightward in SFG. NonHA group showed only left 
hemisphere correlation in SFG, IFG, MTG, precuneus and angular gyrus. A table with this information 
is in supplemental data (table 2-S). 
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Figure 2. SPM-Brain map language-specific task in each group. A, B, C and D figures showed 
stronger activation in the left hemisphere for all studied groups. (Minimum T-value=4.85; p<0.05-
FWE corrected). 
 
3.2 Activation differences between groups 
At group level analyses, we identified differences exclusively between controls and LHA and 
between nonHA and LHA. Compared to controls, LHA presented reduced activation in left PHG, 
hippocampus and portions of left MFG. Moreover, compared to nonHA, LHA activated fewer portions 
of left MTG and inferior temporal lobe. Detailed information is presented in figure 3 and in 
Supplemental data- table 3-S. 
 
A . LHA<controls B. LHA< nonHA 
  
Figure 3. Difference between groups related to activation pattern. (A) Brain map 
shows that LHA elicits weaker activation leftward in hippocampus, parahippocampal 
and middle frontal gyri compared to healthy volunteers. (B) Whole brain map 
showing reduced activation of left MTG in LHA group compared to nonHA. 
Minimum T-value=3.14.  
 
 
4. Functional connectivity  
4.1 ROI-to-ROI 
Healthy volunteers and LHA differed during language task as LHA presented diminished 
functional connectivity between: IFG and mid portion of MTG, PHG and pars triangularis; mid 
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portion of MTG with PHG, SFG and pars triangularis, and PHG with pars triangularis. Further 
significant difference in functional connectivity was identified between nonHA and LHA within mid 
portion of MTG and pars triangularis (Figure 4) 
 
A . LHA<controls B. LHA< nonHA 
  
Figure 4. Differences between groups on ROI-to-ROI. (A) 2D map of connectivity based in 6 regions of interest 
showing that LHA presents reduced functional connectivity between the seeds than controls. (B) 2D map based 
in the 6 regions of interest showing that LHA presents weaker connectivity compared to  nonHA. The colorful 
dots represent the seeds: 1= inferior frontal gyrus; 2= mid portion of middle temporal gyrus; 3= parahippocampal 
gyrus; 5= pars triangularis and 6=superior frontal gyrus.   
 
 
4.2 Seed-to-voxel 
As we described in the methods’ session, the highest statistical activation in our controls was 
identified in left MFG. From this result, we observed that all TLE groups presented reduced functional 
connectivity in comparison to controls, and there were differences among groups of patients. However, 
controls’ group did not present reduced functional connectivity compared to patients’ groups. From 
pairwise comparisons, we identified significant differences: LHA<nonHA and RHA, RHA<LHA and 
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nonHA and nonHA<LHA. Figure 5 shows differences between groups of patients and controls. 
(Detailed differences and specific regions are presented in table 4-S). To provide an overview of 
imaging findings, we created a supplemental summary table (5-S). 
 
Figure 5. Glass brain map of seed based connectivity showing differences between TLE groups 
and controls. The red arrow represents the global maxima. A. patients without hippocampal atrophy 
shows reduced functional connectivity exclusively in left hemisphere; B. RHA shows reduced 
functional connectivity bilaterally C. left hippocampal atrophy shows reduced functional 
connectivity in left hemisphere.   
  
Discussion 
By combining different methodologies, we described language network differences in three 
specific groups of TLE: patients with HA (left or right) and patients without HA (and no other lesion 
detected on MRI visual analyses). Unlike most of previous studies with mixed sample of TLE patients 
(with different etiologies), we analyzed groups individually to investigate particularities of the impact 
of both presence and side of HA on language network. Although atypical language lateralization was 
surprisingly equally distributed in patients and controls, we detected significant differences in patterns 
10 
 
of activation for individual groups. Besides individual group characterization of language networks, it 
is the first demonstration of close similarity between TLE patients without hippocampal atrophy and 
controls, in terms of both functional imaging analysis and naming performance. Added to the fact that 
BNT performance was significantly impaired in both right and left HA, we speculate that regardless 
the side, HA impacts negatively the language network but not in hemispheric lateralization. 
Contrary to previous studies that demonstrated increased atypical language dominance in patients 
with epilepsy20, 21, we detected comparable rates for patients and controls. Interestingly, Gonzálvez et 
al. (2016)9 also reported similar distribution of language index lateralization between controls and 
right/left TLE patients for auditory and picture naming tasks, except for verbal fluency. Despite their 
mixed TLE etiologies, some points can be discussed: different paradigms may elicit different patterns 
of language lateralization and it is probable that both studies are providing new facts about language 
dominance. In addition, different from other studies1, 22, our groups had similar distribution of manual 
dominance, since we did not exclude left-handed subjects from the control or TLE groups. This is 
advantageous, as it yielded more homogenous samples for comparisons.  
Patients with nonHA presented equivalent rate of seizure refractoriness compared to those with 
HA. However, nonHA performed BNT similar to controls, confirming less language impairment than 
RHA and LHA. It is in accordance with Alessio et al.23 who reported more cognitive deficits in patients 
with known etiology, for example, hippocampal atrophy. In addition, functional imaging analyses 
showed that nonHA group presented fewer differences compared to controls, also indicating less 
impairment than groups with HA. It is intriguing that nonHA group presents temporal seizure 
semiology despite the absence of HA, which suggests a probable cortical epileptogenic lesion, possibly 
associated to minor cortical malformations24. These findings could underlie the diminished functional 
connectivity detected between MFG and STG. In addition, compared to controls, differences in nonHA 
localized in the left hemisphere, while differences between nonHA and LHA were exclusively detected 
in the right hemisphere, indicating that functional connectivity in the left STG of nonHA is impaired 
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similarly to LHA. As for the difference compared to controls, it is not surprising the significant 
impairment observed in left STG in nonHA, as it is well established the dominance of left hemisphere 
for language for most of healthy subjects25. However, it is important to consider that these subtle 
differences in imaging analyses may not have impacted naming performance. Nonetheless, we 
clinically analyzed only language function (the focus of this study), while a comprehensive evaluation 
of others domains may be necessary to obtain a more complete understanding of cognitive profile and 
differences between groups. Therefore, as described by Vaughan et al.26 patients with TLE without 
HA seems to be an independent condition and not only an attenuated subtype of TLE with HA, since 
it is engaged with distinct brain networks.   
Compared to controls, RHA group presented significant lower performance on BNT and 
demonstrated to be mainly impaired in the fMRI seed-based analyses, which revealed severe alteration 
of functional connectivity between left MFG and many areas of left hemisphere. It suggests that 
seizures from right HA somehow affect contralateral hemisphere, disrupting the language network. In 
addition, BNT correlated with activations in left hemisphere, which was not observed in LHA group. 
This, along with poor BNT performance suggest that language network in RHA is not intact, but less 
disrupted than in LHA. Besides, while alterations in seed-based functional connectivity in left 
hemisphere may justify lower BNT performance, we speculate that the removal of seizure activity 
after surgery may induce plastic changes in this intact hemisphere, partially restoring functional 
connectivity, and therefore explaining the preservation of naming ability in RHA after surgery27. 
Regarding the potential impact of HA and side of lesion in language functional connectivity, it 
has been described that left hemisphere injury is more likely to impact negatively cerebral 
functioning28, 29, possibly because a damaged left hippocampus is more inclined to widespread 
disconnections, affecting both hemispheres13, 14, 18. As expected, visual confrontation naming ability in 
patients with LHA was worse than in TLE patients with normal hippocampus30. Besides, LHA group 
presented significant differences in all functional imaging analyses compared to controls, RHA and 
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nonHA patients’ groups, which is in accordance with a previous study that described significantly 
lower scores for left compared with right TLE associated with important postsurgical decline of 
naming ability in left TLE31. 
Left HA group presented severe pattern of functional connectivity disruption, in both whole brain 
and ROI-to-ROI analyses. ROI analyses revealed critical ipsilateral alterations reinforced by seed-
based-voxel study which also yielded ipsilateral abnormalities in the fronto-temporal areas and parietal 
lobe, supporting the hypothesis that seizures and interictal epileptiform discharges in this group 
probably spread through tracts to outside the well-defined language regions32. In addition, the lack of 
correlation between BNT and activation maps in LHA, associated with its poorest naming performance 
reinforce the severity of alteration (and vulnerability) of left hemisphere, which may be associated 
with postoperative naming decline due to lack of protective reserve. Unfortunately, there are few 
functional connectivity studies comparing right and left TLE. 
As previously described, we observed that language laterality index is associated with manual 
dominance19, 33. Not only did we confirm this relationship, but also showed how it works in classical 
language areas and whole brain in different patterns of TLE. Different from all groups, language 
lateralization index in LHA was associated with manual dominance in all ROIs studied. Along with 
our previous LHA results, these last findings strongly suggest that left HA impacts language 
extensively. In addition, Broca’s area laterality index was the unique region that correlated with 
handedness in all groups (including controls), corroborating its key role in language function (even in 
predominantly semantic task as in this study)34, probably because Broca’s area connects heavily with 
subcortical white matter fibers, as demonstrated in aphasia studies35.  
Although left HA was not associated with a higher incidence of atypical language dominance, it 
showed to be more frequently involved with disrupted patterns of connectivity compared to controls, 
RHA and nonHA. Some studies indicate that mesial temporal structures represent a higher-order 
associative cortex participating in multiple reciprocal connections and several cognitive systems36, 37. 
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Therefore, disruption beginning in the hippocampus affects not exclusively the hippocampus, but the 
entire ipsilateral hemisphere38. Considering the poor performance of RHA, one can suggest that 
interconnections between right and left hippocampus may allow the abnormal activity in the right to 
spread to left and, again, impacting negatively in the language network.  
Limitations of our study refers to the fact that naming performance was not obtained from all 
controls. Moreover, ROI-to-ROI analysis was considered only for the most significant areas in the left 
hemisphere, possibly suppressing results that could evidence right-sided differences, especially in 
RHA patients. 
In conclusion, our results expanded the understanding of TLE by demonstrating that presence of 
HA is associated with more abnormal patterns of language activation and connectivity, not only 
ipsilateral to the atrophy, but also in other brain regions, including mesial and temporal lateral cortex. 
On contrary, it revealed a more restricted impairment in patients without HA (restricted to the lateral 
cortex) suggesting that this group is not only a subtle TLE subtype, but a distinct condition, as 
described by Vaughan et al.26 
 
Materials and Methods  
1. Participants 
Diagnosis of TLE followed the ILAE criteria39 and included only patients with seizure semiology 
typical of TLE and EEGs with interictal epileptiform discharges restricted to the anterior and medium 
portion of the temporal lobes. Patients with polyspikes, bisynchronous discharges or epileptiform 
discharges outside the temporal lobe areas were not selected. Patients with extrahippocampal brain 
pathology detected by high resolution MRI   or with other major neurological comorbidities (e.g., 
stroke, autoimmune disorders) were not included. 
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A language fMRI task was performed on 101 controls and 93 patients with TLE from the Epilepsy 
clinics at the University of Campinas. All participants were Brazilian Portuguese native speakers and 
controls had no neurological or psychiatric disorders.  
Patients were divided in three groups according to visual analyses of high resolution MRIs and 
hippocampal volumetry automatically extracted 40 with Freesurfer software (Version 5.3; 
http://surfer.nmr.mgh.harvard.edu), resulting in 32 patients with LHA, 31 with RHA and 30 nonHA.  
Age, educational level and intra-scanner performance were appropriately used as covariates in the 
posterior imaging analysis due to significant differences among groups [age: controls were older than 
RHA (p=0.001) and nonHA (p<0.001) (F=10.30, p<0.001, df=3); educational level: controls presented 
significantly higher educational level than all patients (all p<0.001) (F=17.09, p<0.001, df=3) and 
better intra-scanner task performance than patients (LHA p <0.001; RHA p <0.001 and nonHA p 
=0.004) (F=14.62, p<0.001, df=3). Usage of Topiramate (x2=4.35; p=0.11) and the proportion of drug 
resistants´ patients (x2=2.27; p=0.32) were equally distributed among groups of patients.  
We performed Boston naming test (BNT) for 28 RHA, 28 LHA, 30 nonHA and 28 controls 
[groups were similar in age (F=2.01, p=0.12, df=3) and educational level (F=0.51, p=0.67, df=3)]. 
Detailed information about clinical and demographic data and basic statistics of clinical data are 
included in table 1-S.  
 
2. Language fMRI  
We used the same complex version of the semantic-decision/tone-decision protocol described by 
Lopes et al. (2016) 41. Images were acquired on a 3T Philips Achieva (Best, the Netherlands) with an 
eight-channel head coil at Neuroimaging Laboratory, UNICAMP, Campinas, Brazil. The protocol 
included a T1-weighted image (WI) isotropic voxels of 1 mm, acquired in the sagittal plane, with 180 
slices, 1 mm thick, no gap, flip angle=8°, TR=7.0ms, TE=3.2 ms, matrix=240x240, 
FOV=240x240mm2. For fMRI, we acquired two echo-planar imaging (EPI) sequences of 6min 48s 
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(voxel size=3x3x3mm3, 40 axial slices, no gap, FOV=240x240x120mm3, TE=30ms, TR=2000ms, flip 
angle=90° and 204 dynamics). To investigate different patterns of language we performed both 
standard analysis of block design paradigm and a secondary, functional connectivity analysis.  
 
2.1. Standard block-design analysis 
Both fMRI processing and statistical analysis were conducted with Statistical Parametric Mapping 
toolbox (SPM12: Welcome Trust Centre for Neuroimaging, London, UK), running on MATLAB 
R2010a (The Mathworks Inc, Natick, MA, USA). First and second level analyses followed the 
description presented in Lopes et al. (2016) 41. (Details are presented in supplementary data, section 1-
subsection 1.2.). Statistical analyses were performed with full factorial model to search for differences 
between groups related to language brain activation (we used p<0.001, non-corrected for multiple 
comparisons with minimum cluster size=30 voxels and minimum t-value= 3.14. At this point, we were 
exclusively interested in significantly activated voxels. In addition, to group comparisons, individual 
maps from block design paradigm were correlated with out-scanner performance in BNT (p<0.001 
uncorrected for multiple comparisons, with Minimum T-value=3.40 and cluster size= 20 voxels).  
 
2.2. Laterality index quantification. 
We used individual activation maps to examine the index of language lateralization, by 
quantifying the number of activated voxels within each hemisphere as well as Broca´s and Wernicke´s 
area defined by WFU-PickAtlas toolbox (http://www.nitcr.org/projects/wfu_pickatlas/; 42. Language 
lateralization index (LI) for each region was quantified according to the formula:  LI=100*(L-
R)/(L+R), with the following cutoff classification: LI≥20=left hemisphere dominance, +20≤LI≥-
20=bilateral hemisphere dominance, LI≤-20=right hemisphere dominance20  
 
2.3. Functional connectivity analysis  
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Two complementary functional connectivity approaches were selected as we intended to explore 
areas of language network involving both right and left hemispheres. We used ROI-to-ROI analysis 
within left hemisphere regions and seed-based analyses including both hemispheres. 
  
2.3.1 ROI-to-ROI analysis 
For ROI-to-ROI analysis, we firstly defined the most significant activated regions in our 101 
controls, which resulted in six left hemisphere ROIS. (Seed definition is in supplemental data 2, 
subsection 2.1). Individual and group level analyses were performed using appropriated modalities of 
UF²C toolbox. At individual level, subject specific adjacency matrix was generated applying Pearson’s 
correlation tests (15 tests, pairwise combination of the 6 ROIs) with time series extracted from each 
ROI. Sequentially, adjacency matrix from each subject was converted to z-score (Fisher’s Z-
transformation) and used as input to the second level (group) analysis to investigate differences 
between controls and each TLE group. To correct for multiple comparisons (15 tests) FDR procedure 
was applied43. Only corrected sub-threshold results (p<0.037 due the pairwise group comparison [FDR 
correction]) were considered significant. 
 
2.3.2 Seed-to-voxels (whole brain) analysis 
Using UF²C Seed-Based Modality/SPM12 44, we investigated functional connectivity between 
global maxima (obtained from the analysis described on Section 2.1) and whole cortex (details in 
supplemental data section 2, subsection 2.2). A cubic seed (1 cm3) was positioned at MNI coordinate 
[-36 35 -11] (corresponding to the left middle frontal gyrus (MFG). The toolbox pipeline performed 
Pearson’s correlation tests between the ROI average time series and time series from each grey matter 
masked voxels. This procedure generated an individual r-scored statistical map that was converted to 
z-score (Fisher’s Z-transformation). After smoothing (6x6x6 mm3 at the FWHM) the individual z-
scored statistical maps, statistical comparisons were performed with second level analysis of SPM (full 
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factorial model, with p<0.001 uncorrected for multiple comparisons, clusters with at least 30 voxels 
and minimum t value=3.14. Contrasts on SPM were defined to access pairwise group comparisons. 
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Table 1-S. Demographic and clinical data. Except information related to language 
laterality index and topiramate usage, another data are displayed in mean and standard 
deviation. 
 controls 
(n=101) 
nonHA 
(n=30) 
RHA 
(n=31) 
LHA 
(n=32) 
p value 
Age 37±12 47±10 47±8 41±10 p<0.001 
Education (years) 12±4 8±4 7±4 9±3 p<0.001 
Intra-scanner performance  80±9 73±12 68±11 70±12 p<0.001 
Handedness 
Atyp./Typ handedness 
84±39 
8/93 
69±53 
3/27 
71±59 
4/27 
68±58 
5/27 
p=0.26 
p=0.93 
Atyp./Typ. LI Broca´s  15/83 
62±45 
4/26 
71±44 
4/27 
68±48 
6/26 
55±58 
p=0.91 
Atyp./Typ. LI Wernicke´s  25/76 
39±38 
7/23 
40±33 
9/22 
40±29 
9/23 
35±42 
p=0.94 
Atyp./Typ. LI whole brain 13/88 
43±26 
6/24 
41±30 
5/26 
41±27 
8/24 
36±36 
p=0.40 
Age of seizure onset  
____ 19±11  17±13 11±9  
p=0.01 
p=0.01 
Usage/nonUsage 
Topiramate 
____ 5/26 1/31 6/24 p=0.11 
nonRef/Ref DAE ____ 15/15 13/18 10/22 p=0.32 
BNT 52.8±4.2 
(n=28) 
48.2±8.1 
(n=30) 
44±13.8 
(n=28) 
44.9±8.7 
(n=28) 
p=0.003 
nonHA: without hippocampal atrophy; RHA: right hippocampal atrophy; LHA: left 
hippocampal atrophy; nonRef/Ref DAE: number of non refract/refract patients to AED; 
BNT: Boston naming test; Atyp./Typ.: number of subjects with atypical/typical 
language laterality index or manual dominance.  
We used SPSS® Statistic Version 21 software with general linear model for continuous 
variables and chi-square tests for differences in proportions. 
 
 
 
 
 
 
Table 2-S. Brain areas correlated with Boston naming test in right and non hippocampal 
atrophy groups.  
  x Y Z  
Ke T (mm) (mm) (mm) Anatomic area 
RHA 
221 5.45 -30 17 61 Left middle frontal gyrus 
203 5.52 -42 -64 34 Left angular gyrus 
112 5.51 24 26 49 Right superior frontal gyrus 
96 4.74 -9 55 22 Left posterior cingulate 
31 4.04 -27 -31 17 Left parahippocampal gyrus 
20 4.39 -21 65 16 Left superior frontal gyrus 
nonHA  
300 5.80 -9 -61 37 Left precuneus 
93 4.37 -39 -64 31 Left angular gyrus 
88 5.40 -21 26 52 Left superior frontal gyrus 
51 4.38 -3 56 37 Left superior frontal gyrus 
25 4.59 -60 -4 -14 Left middle temporal gyrus 
22 4.38 -57 32 7 Left inferior frontal gyrus 
Ke: cluster size in template voxels; T: T value at the local peak; RHA: right 
hippocampal atrophy; nonHA: without hippocampal atrophy. 
 
1 Block design analysis 
1.1. Preprocessing 
Preprocessing was based on image realignment (for head motion correction) 
followed by movement graphic inspection (UF2C- Movement Analysis Tool). At this 
point, five HV and 12 patients were excluded, due head displacement higher than 3mm. 
After, images were normalized (MNI-152) and smoothed (6x6x6mm3 FWHM). The 
individual T1-WI was co-registered and normalized (MNI-152) to the functional mean 
image of each participant. 
1.2 First and second level analyses 
First-level analysis was performed on SPM12 with both runs combined and the 
semantic decision subtracted from tone decision to obtain individual contrasts related 
to the language task. Individual contrast maps and T-score statistical maps were stored 
for posterior analysis. 
Second-level analysis were carried out in SPM12 using the individual smoothed 
contrast maps. First, we performed one sample t-test for each group separately to obtain 
the overall brain activation (p<0.05 FWE-corrected). 
 
2. Functional connectivity analysis 
2.1 Seeds definition 
To identify the most consistent task-related areas within the semantic decision/tone 
decision task, we conducted a second level analysis with individual contrast maps from 
our 101 controls (One-Sample t-test; p<0.05 FWE-corrected; clusters with at least 10 
voxels). We identified six significant areas in the left hemisphere corresponding to: 
inferior orbitofrontal gyrus, portions of mid and posterior middle temporal gyrus, 
parahippocampal gyrus, inferior frontal gyrus (pars triangularis) and superior frontal 
gyrus (figure 1-S). These regions were defined as ROIs for posterior functional 
connectivity analysis described in Sections 5.1 and 5.2.  
 
 
Figure 1-S. Map showing the six significant left activated regions in controls. The 
colors represent: Green=inferior orbitofrontal gyrus; dark Blue=mid portion of middle 
temporal gyrus; Yellow=parahippocampal gyrus; Pink=posterior middle temporal 
gyrus; light Blue=pars triangularis and Red=superior frontal gyrus. 
 
2.2 Functional connectivity images preprocessing 
For functional connectivity analysis, we chose the second run, because participants 
presented significantly less movement than during the first run. It is important to 
reinforce that we corrected images for head movement. Then, we preprocessed the 
second run according to the UF²C standard pipeline (that access SPM12 tools) fully 
described by de Campos et al., 2016. Briefly, the preprocessing was based on: fMRIs 
dynamic realignments, images co-registration (fMRI with T1-WI), normalization 
(MNI-152), smoothing (6x6x6mm³ at FWHM), T1-WI tissue segmentation and 
normalization. Additionally, images were regressed for six head motion parameters, as 
well as white matter and cerebral spinal fluid average signals. As a final step, the time-
series were band-pass filtered (0.008-1Hz). 
 
Table 3-S. T-score, cluster size and anatomic areas of the significant activation 
differences between groups for standard block design analysis. 
  x Y Z  
Ke T (mm) (mm) (mm) Anatomic area 
LHA < controls 
64 4.44 -27 -16 -17 Left parahippocampal gyrus and hippocampus 
23 3.64 -27 41 17 Left middle frontal gyrus 
LHA < nonHA  
42 3.93 -48 -4 -14 Left middle temporal gyrus 
20 3.92 -33 2 -38 Left inferior temporal lobe 
Ke: cluster size in template voxels; T: T value at the local peak; <: means 
“reduced/weaker”; LHA: left hippocampal atrophy; nonHA: without hippocampal 
atrophy. 
 
  
Table 4-S. T-score, cluster size and anatomic areas of the significant activation 
differences between groups for seed based connectivity analysis. 
  X Y Z  
Ke T (mm) (mm) (mm) Anatomic area 
      
RHA < controls  
272 4.59 -30 38 -17 Left middle frontal gyrus 
 4.14 -39 23 -32 Left superior frontal gyrus 
 3.73 -24 26 -23 Left orbitofrontal lobe 
172 4.75 24 -22 -14 Right parahippocampal gyrus 
134 3.74 30 5 -23 Right superior temporal gyrus 
69 4.09 -12 11 13 Left caudate 
65 4.06 -21 -16 -20 Left parahippocampal gyrus 
48 4.24 15 17 13 Right caudate 
33 3.79 -6 -73 -5 Left lingual gyrus 
LHA < controls  
81 3.77 -24 38 -17 Left middle frontal gyrus 
59 4.27 -24 -13 -20 Left parahippocampal gyrus 
44 3.52 -48 23 -29 Left superior temporal gyrus 
nonHA < controls  
54 3.69 -39 20 -26 Left superior temporal gyrus 
LHA < RHA  
69 4.14 -24 -43 58 Left parietal lobe 
RHA < LHA  
38 3.95 18 -31 4 Right thalamus 
35 3.95 21 -22 -17 Right parahippocampal gyrus 
nonHA < LHA  
62 4.46 48 -55 7 Right superior temporal gyrus 
LHA < nonHA 
32 3.82 -51 35 16 Left pars triangularis 
RHA < nonHA 
46 3.77 -3 32 46 Left superior frontal gyrus 
Ke: cluster size in template voxels; T: T value at the local peak; <: means 
“reduced/weaker”; nonHA: without hippocampal atrophy; RHA: right hippocampal 
atrophy; LHA: left hippocampal atrophy  
 
Table 2-S. Resumed results from imaging analyses: whole brain activation, ROI-to-
ROI and seed-based-voxel. 
 
 Left Hemisphere Right hemisphere 
  
                                                            Whole brain Activation 
LHA < controls 
PHG and hippocampus 
MFG 
-- 
LHA < nonHA 
MTG 
ITG 
-- 
 
                                                       ROI-to-ROI 
LHA < controls 
IFG↔mid/MTG 
IFG↔ PHG 
IFG↔ pars triangularis 
mid/MTG↔ PHG 
mid/MTG↔ pars triangularis 
mid/MTG↔ SFG 
PHG↔pars triangularis 
-- 
LHA < nonHA 
mid/MTG↔pars triangularis 
 
-- 
 
                                                  Seed-based-voxel 
LHA < controls 
MFG 
PHG 
STG 
-- 
RHA <controls 
MFG 
SFG 
orbitofrontal gyrus 
caudate 
PHG 
lingual gyrus 
 Caudate 
PHG 
STG 
nonHA < controls STG -- 
nonHA <LHA  -- STG 
   
LHA < RHA parietal lobe -- 
RHA < LHA 
-- thalamus 
PHG 
LHA < nonHA pars triangularis -- 
RHA < nonHA SFG -- 
nonHA: without hippocampal atrophy; RHA: right hippocampal atrophy; LHA: left 
hippocampal atrophy; PHG: parahippocampal gyrus; mid/MTG: mid portion of middle 
temporal gyrus; ITG: inferior temporal gyrus; STG: superior temporal gyrus; MFG: 
middle frontal gyrus; SFG: superior frontal gyrus; IFG: inferior frontal gyrus. Red cells 
represent significant reduced activation or functional connectivity of LHA group; 
Yellow cells represent significant reduced functional connectivity of RHA group and 
Green cells represent significant reduced functional connectivity of nonHA group.   
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DISCUSSÃO GERAL E CONCLUSÕES 
A linguagem é uma das funções cognitivas mais estudadas, principalmente em 
epilepsia, devido a dificuldades para buscar as palavras (word finding), especialmente 
quando as crises se iniciam em hemisfério dominante para a linguagem  (Bell et al., 
2003; Bonelli et al., 2011; Hamberger, 2015). Muito já se avançou quanto ao estudo 
de linguagem desde as primeiras publicações de Broca e Wernicke, por meio de 
análises anatômicas, seguindo para o uso do teste de WADA, considerado padrão 
ouro. Porém, atualmente, tem crescido o número de estudos utilizando ressonância 
magnética (Bonelli et al., 2011; Janececk et. al, 2013 Vaughan et. al, 2016).   
Nas últimas décadas o imageamento cerebral in vivo tem proporcionado um 
grande salto substituindo técnicas invasivas e de alto custo, a fim de estudar e 
determinar funções cerebrais. Por meio da fMRI, foi possível avaliar as funções 
cerebrais, inclusive em indivíduos saudáveis, possibilitando o melhor entendimento de 
aspectos não só motores, como também cognitivos. 
Sendo a ELT a doença neurológica mais comum no adulto adicionado à baixas 
taxas de eficácia do tratamento medicamentos para o controle de crises (Thurman et 
al., 2011) é bastante comum a intervenção por meio da abordagem cirúrgica. Logo, a 
avaliação cognitiva de aspectos principalmente de memória episódica e linguagem 
são importantes. Nesse contexto, também é significativa a determinação da 
dominância hemisférica, bem como as regiões onde a linguagem está alocada em 
cada pessoa, a fim de maior compreensão de casos individuais e melhor prognóstico 
cirúrgico.  
Atualmente, sabe-se que os resultados fornecidos por meio da fMRI se 
comparam aos obtidos pelo teste de WADA, com a vantagem de ter sido apontada 
com melhor acurácia para os casos discordantes (Janecek et al., 2013). E ainda, tem 
a vantagem de se tratar de um método menos custoso e não invasivo permitindo que 
uma mesma pessoa possa ser submetida ao exame repetidas vezes (Binder et al., 
2011). No entanto, há diferentes protocolos que avaliam diversas esferas da 
linguagem, assim como diferentes paradigmas de fMRI que diferem drasticamente no 
que se refere a padrão e extensão de ativação e lateralização da linguagem. Embora 
a fluência verbal seja o paradigma mais utilizado (Bonelli et al., 2011; Friedman et 
al.,1998; Phelps etal.,1997), há também aqueles que avaliam compreensão da 
linguagem (Humphries et al., 2007). No entanto, há poucos estudos sistemáticos 
comparando esses protocolos quantitativa e qualitativamente. 
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Binder et al. (2008) compararam cinco métodos de fMRI para linguagem, 
incluindo o de fluência verbal, e concluiu que o protocolo de decisão semântica e 
decisão de tons produzia maior ativação em hemisfério esquerdo e em regiões 
associadas à linguagem. Logo, este protocolo foi escolhido para o desenvolvimento 
desta tese. Porém durante o processo de aprendizagem do protocolo, uma versão 
alternativa, criada para a população pediátrica e por isso, menos complexa foi 
demonstrada (Binder JR, comunicação pessoal). De modo que, pacientes com 
epilepsia, normalmente apresentam alterações cognitivas que podem interferir na 
execução da tarefa, especulou-se a possibilidade do uso dessa versão alternativa. 
Porém, ambos os protocolos nunca haviam sido comparados. Dessa forma, foi 
conduzida a primeira etapa do estudo, cujo objetivo foi comparar ambas as versões 
resultando no artigo do capítulo 1. 
Após a conclusão de que a versão complexa pudesse ser mais difícil de ser 
executada, era capaz de produzir melhores resultados. No entanto, a versão 
alternativa poderia ser utilizada em situações em que os pacientes tivessem muita 
dificuldade para executar a versão complexa (Lopes et al., 2016). 
O estudo com os pacientes com ELT foi então conduzido, utilizando a versão 
complexa da tarefa de decisão semântica e decisão de tons e os resultados foram 
descritos no artigo do capítulo 2. Estes dados apontaram para alguns resultados 
inesperados, no que se refere a estudos prévios. O primeiro deles se refere ao fato de 
que a atrofia hipocampal, direita ou esquerda, não se associaram a maior frequência 
de lateralização atípica para linguagem. No entanto, a atrofia hipocampal parece 
interferir de forma mais intensa no padrão de ativação cerebral, bem como a 
conectividade funcional entre regiões associadas à linguagem. Além disso, também 
foi demonstrado que a atrofia do hipocampo esquerdo parece interferir mais 
fortemente na linguagem, seguida da atrofia hipocampal direita. Em seguida, os 
pacientes sem lesão hipocampal são os menos prejudicados, no que se refere à 
linguagem avaliada por meio do teste de nomeação de Boston e nas análises de 
imagem, se assemelhando ainda mais com os indivíduos saudáveis. Portanto, os 
resultados deste estudo demonstram que a ausência de atrofia hipocampal pode ser 
considerada uma forma mais branda de disfunção hipocampal ou uma forma distinta 
de ELT como descrito por Vaughan et al (2016).    
Por fim, ainda que a linguagem seja uma função amplamente estudada em 
epilepsia com resultados bem estabelecidos apontando para maiores 
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comprometimentos em pacientes cuja lesão à esquerda tenha sido adquirida 
precocemente na vida, e que sejam canhotos (Stewart et al., 2014; Sveller et al., 
2006), pouco se sabia sobre como esses aspectos se configuravam em pacientes com 
ELT com atrofia hipocampal à direita e esquerda e com RM negativa, excluindo outras 
etiologias de ELT. Além disso, esse estudo demonstrou a importância da fMRI de 
linguagem como método de lateralização de regiões de interesse específicas para 
consideração cirúrgica (Janecek et al., 2013; Sabsevitz et al., 2003).  
Logo, o método de fMRI ainda precisa ser amplamente estudado, em diversas 
etiologias de ELT, utilizando os mais diferentes paradigmas e métodos de análise, a 
fim de se obter conhecimento sobre como o cérebro funciona diante de 
particularidades metodológicas e de diferentes substratos patológicos. 
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ABSTRACT
In this paper, we aimed to elaborate a brief review about the early studies in functional magnetic resonance imaging (fMRI) 
associated to cognitive tasks, going over the most important researchers in the area, from William James to Seiji Ogawa. More-
over, we discuss studies that used cognitive tasks and fMRI in diseases such as epilepsy, autism, schizophrenia, multiple sclerosis, 
Parkinson’s disease and dementia, in order to demonstrate the current and important interaction between neuropsychology and 
fMRI. From this review, we concluded that neuropsychology, a field of neuroscience used for diagnosing cognitive impairments, can 
be combined to technologies such as fMRI, producing extremely useful results for experimental and especially clinical contexts.
Keywords: Magnetic Resonance Imaging; Neuropsychology; Cognition.
RESUMO
O objetivo deste artigo foi fazer uma breve revisão acerca de como tiveram início os estudos em imagem de ressonância magnética 
funcional (RMf)  associada a tarefas cognitivas, passando pelos principais pesquisadores na área, desde William James até Seiji Ogawa. 
Além disso, se relata que foi utilizado RMf e tarefas cognitivas em doenças como epilepsia, autismo, esquizofrenia, esclerose múltipla, 
doença de Parkinson e demência, a fim de demonstrar a atual e importante interação entre neuropsicologia e RMf. A partir deste estudo, 
concluímos que a neuropsicologia, uma área da neurociência bastante utilizada para o diagnóstico de prejuízos cognitivos, pode ser com-
binada a tecnologias como RMf e produzir resultados de extrema utilidade experimental e principalmente clínica.
Descritores: Imagem por Ressonância Magnética; Neuropsicologia; Cognição.
RESUMEN 
El objetivo de este artículo fue el de hacer una breve revisión acerca de cómo tuvieron inicio los estudios en imagen de resonancia 
magnética funcional (RMf) asociada a tareas cognitivas, pasando por los principales investigadores en el área, desde William James hasta 
Seiji Ogawa. Además, se relata que fue utilizada RMf y tareas cognitivas en enfermedades como epilepsia, autismo, esquizofrenia, escle-
rosis múltiple, enfermedad de Parkinson y demencia, a fin de demostrar la actual e importante interacción entre neuropsicología y RMf. 
A partir de este estudio, concluimos que la neuropsicología, un área de la neurociencia bastante utilizada para el diagnóstico de deterioro 
cognitivo, puede ser combinada a tecnologías como RMf y producir resultados de extrema utilidad experimental y principalmente clínica.
Descriptores: Imagen por Resonancia Magnética; Neuropsicología; Cognición.
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Neuropsychology started as a field of neuroscience since 
the experimental simulation of behavior about 30 years ago. It 
was the only non-invasive method to observe the relationship 
between cognitive process and brain function.
However, nowadays neuropsychology is not alone anymore 
as an inferential process to the understanding of the struc-
ture-function correlation. There is the possibility to join this 
science with high technology techniques such as functional 
magnetic resonance imaging (fMRI) to observe the activation 
of cortical areas associated to motor, sensorial, emotion and 
cognitive functions.
Therefore, from the integration between both, it is possible 
to detect structure or functional lesions with a high spatial pre-
cision not just limited to provide clues of the localization from 
the impaired performance. 
Then, how do that integration started? In this paper we will 
review some aspects from the beginning of the functional imaging 
and the importance of neuropsychology associated with fMRI and 
the experimental and clinical use in some neurological disorders.
A brief review
Starting from Willian James in 1890 (Principles of Psycho-
logy)1 and Angelo Mosso (1881)2 we can find notes mentioning 
change blood- flow during cerebral activity, as well as Paul Broca 
(1979)3 who was interested in circulatory changes associated 
with mental activity, because of alterations in brain temperature. 
He studied the effect of several mental activities, mainly langua-
ge, measuring the temperature of the scalp of medical students. 
At the same time, Roy and Sherington (1890)4 suggested a re-
lationship between circulation and metabolism. 
Nevertheless, Seymor Kety (1960)5 and Lou Sokoloff (1977)6 
were the researchers who developed quantitative methods to 
measure the whole-brain-flow and metabolic in humans provi-
ding the first evidences that quantitative changes in blood-flow 
is directly related with brain function. Meanwhile, Neils Lassen 
(1963)7 and David Ingvar (1965)8 used scintillation detectors by 
a helmet and concluded that brain blood flow changes regionally 
in normal human during task performance.
A really important study by Ray Cooper et al. (1975)9 regis-
tered the availability of oxygen in the human cortex in patients 
who would be undergone to epilepsy surgery performing motor 
and cognitive tasks.
Although there were many findings, the interest related to 
brain function and brain blood-flow was almost abandoned, for 
two reasons: first, there were no sophisticated tools to base these 
investigations and second, due the erroneous findings of Leonard 
Hill10 who concluded that there was no correlation between 
brain functioning and cerebral circulation.
The interest came back, gradually, in 1928 when John Ful-
ton11 studied the visual attention to objects in the environment 
associated with blood-flow in the visual cortices. These conclu-
sions were useful to the development of the computed tomo-
graphy X-ray more than 40 years later by Godfrey Hounsfield.12
The computed tomography X-ray was a technique based on 
Alan Cormack (1963)13 principles. Thereafter, researchers started 
a study using positron emission tomography (PET), in which they 
could create autoradiogram in vivo of brain functions to measure 
blood-flow and glucose metabolism. It was the first time that this 
technique was used in humans.
They also validated techniques for oxygen consumption 
showing that PET could provide precise measurements of ce-
rebral function in humans. It became a required technique for 
being fast measuring (1min) using a short half-life (123seg) ra-
diopharmaceutical (H
2
5O) enabling that the same person could 
undergo this process more than once.
The first studies using PET in humans performing cognitive 
tasks started in 1980 and encompassed cognitivist psychologists 
that were interested in understanding the human behavior by me-
ans of theory of information processing. This group got power when 
neuroscientists and scientists interested in imaging joined them and 
started researches related to strategies for functional mapping of 
neuronal activity, based on the thoughts’ measurements associated 
to a simple logic based on the Dander’s concept (1969).14 
Finally, the magnetic resonance imaging came up bringing 
the fMRI to the scene when Fox and colleagues (1986, 1988)15,16 
reported that during changes in the neuronal activity there are 
local changes in the amount of oxygen consumption in the tissue. 
These findings were associated with previous studies of Pau-
ling and Coryell (1936)17 and posteriorly described by Ogawa 
et al. (1990)18,19 who provided evidences that changes in the 
blood oxygenation, in vivo could be detected using fMRI from 
the called T*2 (T-two-star). From this moment, the term BOLD 
(blood-oxygen-level-dependent) contrast became known. 
So, Ogawa et al., in 199220, were encouraged to study 
human volunteers demonstrating the occurrence of intrinsic 
signal change in gradient-echo MRI at high-magnetic fields 
produced by visual stimulation which, clearly, produced acti-
vation in the occiptal cortices. 
They suggested that T*2 changes were related to a stimu-
lus-induced change in magnetic susceptibility due the reduced 
concentration of the paramagnetic species deoxyhemoglobin in 
venous blood.18,19 The result was compatible with PET experi-
ments that show large increase in regional cerebral flow and little 
increase in oxygen utilization.15,16 
Therefore, there has been an increasing interest from rese-
archers since the BOLD signal was discovered. Consequently, 
there have been an increasing number of studies about sensorial 
and, mainly, cognitive paradigms for the understanding of human 
behavior making it more accessible and quantifiable. 
fMRI and Neuropsychology
Although, researchers are increasingly betting in mapping 
cognitive performance using fMRI, neuropsychological standar-
dized tests are easy to administer and sensitive to disease-related 
abnormalities and is, still, the only method to evaluate cognitive 
deficits in most of the diseases. 
Searching the terms “fMRI and Neuropsychology” at the 
pubmed is possible to find a high number of papers related to 
several diseases, such as epilepsy, autism, schizophrenia, Parkinson 
disease, multiple sclerosis, dementias or even healthy volunteers. 
Those papers aimed to perform fMRI for understanding the struc-
ture-cognitive function-localization, the functional connectivity 
involved with some cognitive function, the language, motor or 
emotion lateralization and how brain behaves after rehabilitation.
Therefore, we will, briefly, pass through the neurological 
diseases mentioned above showing some findings related to fMRI 
and neuropsychology. 
Epilepsy
The fMRI language task is one of the most used protocols 
performed in patients who undergo brain surgery, in particular 
epilepsy surgery, to predict language lateralization (LL) and mi-
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nimize risks of aphasia after surgery. This method has been used 
instead of Wada test and dichotic auditory tests, because it is 
non-invasive, less costly and produces powerful results.21
It is possible to find different protocols to measure LL such 
as: passive words vs. rest, passive words vs. passive tones, seman-
tic decision vs. rest, semantic decision vs. tone decision, semantic 
decision vs. phoneme decision.22
Nowadays, paradigms evaluating memory, visual and so-
matosensory systems have been used in experimental contexts; 
however they still have limited clinical application, but de-
monstrate to be promising.23
Autism
Most fMRI researches have been addressing cognitive con-
trol protocols in patients with autism, because of the repetitive 
behaviors, as well as the higher cognitive manifestations obser-
ved during neuropsychological tests.
Then, the fMRI studies of cognitive control have shown 
anomalous activation in frontoestriatal brain regions24, which is 
in accordance with a human structural neuroimaging study that 
associated cognitive control with frontoestriatal brain systems, 
including the lateral prefrontal cortex, inferior frontal cortex, 
anterior cingulate cortex, intraparietal sulcus and striatum.25,26
In addition, functional connectivity MRI studies proposed a 
theory that autism is a “cognitive and neurobiological disorder 
caused by under functioning integrative circuitry”.27,28
Schizophrenia
The cognitive deficits in Schizophrenia are the core feature 
of the illness and are presented throughout the life span.29 From 
the cognitive impairments presented by these patients and neu-
roimaging studies, researchers concluded that the pre-frontal 
cortex is affected, because it plays an important role in control-
directed behavior, thought and organization,30 and the functio-
nal-based tasks showed an abnormal frontal pole activation.31,32 
Schizophrenia is also a widespread disease, since the fMRI cog-
nitive tasks, such as working memory and also rest-fMRI showed 
abnormal functional interactions between the pre-frontal cortex 
and widespread regions of parietal cortex, temporal regions and 
default mode network.33,34
Multiple sclerosis
The cognitive deficits in patients with multiple sclerosis 
tends to occur in the early stages of the disease, including im-
pairments associated to attention, information processing speed 
and working memory, affecting up to 70% of all patients.35 
Some studies have suggested that fMRI is a valid tool to 
monitor the therapeutic intervention on cognition, assessing 
the functional correlates of acute and chronic administration of 
acetylcholinesterase inhibitors in these patients.36,37
There are also researches studying the beneficial effects of cog-
nitive rehabilitation on executive functions and attention associa-
ted with compensatory strategies in cognitive-related-network.38,39
Parkinson disease (PD)
The working memory impairment present in PD led Trujillo 
et al. (2015)40 to carry out the visuospatial n-back task during 
the fMRI scan to get evidences of these patients, compared to 
controls, exhibiting increased task-related recruitment of the left 
dorso-lateral prefrontal cortex (DLPFC) and decreased functio-
nal connectivity of the bilateral DLPFC with brain regions within 
the networks. They also found altered frontoparietal connectivity 
with inferior parietal cortex.  
Another research group performed the stop-signal task du-
ring fMRI, since response inhibition and initiation deficits are 
also common in PD. The results showed that PD, in compari-
son to controls, were slower only on response initiation and the 
task activated the response inhibition network, which includes 
inferior frontal gyrus.41
Although PD is a disorder affecting motor system, Fernan-
dino et al. (2013)42 demonstrated a functional role of the motor 
impairment in the comprehension of sentences related to figu-
rative action language. 
Dementia
Cognitive functional MRI studies are difficult to be per-
formed by people with Alzheimer´s disease, because cognition 
becomes importantly impaired. 
Although, mild Alzheimer disease and mild cognitive impair-
ment patients could be able to understand the instructions and 
be engaged in fMRI task. Therefore, most studies are related to 
functional connectivity and rest-fMRI. 
Notwithstanding, we found a study with semantic dementia 
that is characterized as a gradual semantic memory loss, preser-
ving the episodic memory, but episodic future thinking impaired. 
This study by Viard et al. (2014)43, measured the brain activity 
in four patients and 12 healthy volunteers during an envisioned 
future task. They found that the functional integrity of bilateral 
superior medial gyri and anterior hippocampus are the core for 
episodic future thinking.     
CONCLUSION
Although the neuropsychological assessment is still the 
main way to evaluate cognition, since patients complain of di-
fficulties and we can achieve and understand the dysfunctions 
using just pencil/paper tasks, studies have shown an agreement 
between neuropsychological deficits and structural neuroima-
ging findings and now, also, fMRI. 
Therefore, the high accuracy of fMRI for assessing cognition 
leads us to be engaged to use and improve this technique. So, 
we will be increasingly more confident to associate cognitive 
dysfunctions with the specific brain areas which will be very 
useful for surgical proposal, treatment and rehabilitation plan-
ning and prognosis. 
This brief review underscores the importance of the integra-
tion between the classical neuropsychology and fMRI demons-
trating their significance for clinical care.
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